HOMOGENOUS CHARGE COMPRESSION IGNITION 
AND BARREL ENGINES 

Reference to Related Applications 
This application claims priority from U.S. provisional patent application Serial 
Nos. 60/244,349, filed October 30, 2000; 60/252,280, filed November 21, 2000; 
60/260,256, filed January 8, 2001; 60/261,060, filed January 11, 2001; and 60/267,958, 
filed February 9, 2001; and is a continuation-in-part of U.S. patent application Serial No. 
09/937,543, filed September 26, 2001, which is a U.S. National Phase of 
PCT/US00/07743, filed March 22, 2000, which claims priority from U.S. provisional 
patent application Serial Nos. 60/125,798, filed March 23, 1999; 60/134,457, filed May 
17, 1999; 60/141,166, filed June 25, 1999, and 60/147,584, filed August 6, 1999, the 
entire contents of all of which are incorporated herein by reference. 

Field of the Invention 
The present invention relates generally to internal combustion engines and, more 
particularly, to homogenous charge compression ignition engines and barrel engines. 

Background of the Invention 
15 Internal Combustion Engine Configurations 

Internal combustion engines have wide applicability in both mobile and stationary 
power production applications. The most common type of internal combustion engine is 
a crank driven reciprocating piston engine. This type of engine includes a cylinder with a 
moveable piston position therein, and defines a combustion chamber between a closed 
20 end of the cylinder and the piston. A rod interconnects the piston with an offset journal 
on a rotateable crankshaft such that rotation of the crankshaft causes the piston to 
reciprocate upwardly and downwardly within the cylinder. While traditional crank 
driven engines are the most common, numerous other engine configurations have been 
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proposed and used. One example is the Wankel rotary engine wherein a lobed rotor 
rotates within a housing to create expanding and contracting combustion chambers. 

Another internal combustion engine configuration is shown in Figure 1. This 
engine configuration has gone by various names, including barrel engine, axial engine, 
5 axial piston or cylinder engine, cam engine, swash ring or plate engine, crank plate 
engine, cam or wave cam engine, wobble plate engine, and radial or rotary engine, among 
others. For purposes of the present application, these types of engines will be referred to 
as barrel engines. However, it should be understood that the term "barrel engine," as 
used herein, is not limited to the specific configurations illustrated, but instead refers to 

10 similar designs as well. 

The engine 10 in Figure 1 is merely representative of the general configuration of 
the engine referred to herein as a barrel engine. It includes a crankshaft or power shaft 12 
with a plurality of cylinders arranged about the power shaft 12, though single cylinder 
variations are possible. The central axis of each of the cylinders 14 may be generally 

15 parallel to the power shaft 12. Alternatively, the axes of the cylinders 14 may be tilted 
outwardly or inwardly with respect to the power shaft 12. A cam plate or track 16 is 
preferably connected to the power shaft 12 such that the two rotate in unison. The track 
16 surrounds and extends outwardly from the power shaft 12 and has an undulating cam 
surface 18. As the power shaft 12 is rotated about its longitudinal axis, the cam surface 

20 18 of the track 16 undulates closer to and farther from the cylinders 14. Pistons 20 are 
moveably positioned in the cylinders 14 and define a combustion chamber 22 between 
each piston and the upper end of its respective cylinder 14. The pistons 20 are 
interconnected with the track 16 such that as the track rotates, the pistons are caused to 
reciprocate within the cylinders 14. In the illustrated embodiment, connecting rods 24 

25 have upper ends interconnected with the pistons 20 and lower ends with rollers 26 that 
ride on the cam surface of the track 16. Alternatively, pistons in such an engine may be 
more directly interconnected with the track, such as rollers or slides directly connected to 
the pistons. 



2 



TPL-10202/03 
12610sh 



As will be clear to those of skill in this art, as the power shaft 12 rotates and the 
pistons 20 reciprocate within their respective cylinders, the various strokes of a 
combustion cycle can be defined. Typically, the cam surface 18 of the track 16 has a 
generally sinusoidal shape, thereby corresponding to the reciprocal motion typical of a 
5 crank driven piston. Also, the track is generally disposed in a plane perpendicular to the 
power shaft and the cam surface is generally disposed at a constant distance from the axis 
of the power shaft. 

Barrel engines maybe either single ended or double ended. In a single ended 
design, cylinders and pistons are provided in the end of the engine on one side of the 
10 track, such as above the track as illustrated in Figure 1. In double ended designs, 
cylinders and pistons are provided on both ends of the engine (both above and below the 
track when positioned as shown in Figure 1). Another variation includes a track at both 
ends of the engine and opposed pistons extending towards one another from the two 
tracks. The tracks typically rotate in unison causing two pistons to reciprocate towards 
15 and away from one another within a common cylinder. 

Applicant's prior applications, referred to in the Reference to Related 
Applications, and incorporated herein by reference, discuss various engine designs 
generally referred to as Inverse Peristaltic Engines. Applicant considers barrel engines to 
be a variation within the general class of Inverse Peristaltic Engines, as described in these 
20 applications. Other variations on Inverse Peristaltic Engines share certain functional 
attributes with barrel engines as described within the present application. It should be 
noted that some aspects of the present invention may be used with engine configurations 
other than the particular configurations illustrated or described. 

Another engine design that has some functional and/or structural similarities to 
25 barrel engines, as thus far described, is a type of engine often referred to as a wobble 
plate engine. Figure 2A illustrates a schematic of a portion of a wobble plate engine 30. 
In the barrel engine 10, the track 16 is illustrated as having two low points and two high 
points corresponding to a complete set of four strokes for a combustion engine. In the 
wobble plate engine, a plate 32 is interconnected with the longitudinal powershaft 34. 
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The plate 32 is generally planar, but is angled with respect to the powershaft 34 such that 
it has high and low portions. That is, rather than the 32 being perpendicular to the shaft 
34, it is tilted somewhat. Pistons 36 and 38 are in mechanical communication with the 
plate 32, in a manner similar to in Figure 1. However, because the plate 32 is generally 
5 planar instead of being more complexly shaped, such as the track 16, only two strokes are 
defined within a single rotation of the plate 32. That is, if the shaft 34 is rotated through 
one complete revolution, each of the pistons 36 and 38 would experience only a single 
top-dead center and bottom-dead center. With the barrel engine of Figure 1, on the other 
hand, a single rotation of the track 12 causes each of the pistons 20 to travel to top-dead 

10 center twice and bottom-dead center twice. Designs similar to the engine 30 have been 
used for wobble plate compressors. In these compressors, the angle of the plate may be 
adjusted to adjust the compression ratio of the compressor. Typically, such a compressor 
has spherical rollers interconnecting the pistons with the plate. An engine may be 
constructed similarly. The design of Figure 2A and compressor-like variations are 

15 considered to be barrel engines, as defined herein. 

Referring now to Figure 2B, another version of an engine 40 is illustrated. In this 
engine 40 a shorter longitudinal powershaft 42 connects with an angled cam 44, that is 
generally triangular in cross-section. The powershaft 42 and angled cam 44 rotate in 
unison. A wobble plate or piston support plate 46 rides on the upper surface of the 

20 angled cam 44, but does not rotate therewith. Therefore, as the angled cam 44 rotates, the 
piston support plate 46 tilts back and forth. Pistons are interconnected with the piston 
support plate 46 such that movement of the plate 46 causes reciprocal motion of the 
pistons. This is again considered a type of barrel engine as defined herein. It differs 
from the two previous designs in that the piston support plate 46 replaces the rollers for 

25 communicating movement between the cam 44 and the pistons. 

Other versions of barrel engines, as defined herein, include a type of engine called 
nutating engine. Examples are shown in U.S. Patent Nos. 5,992,357 and 6,019,073, both 
of which are incorporated in their entirety herein by reference. Another barrel engine 
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design, sometimes referred to as a bent-axis engine, is shown in U.S. Patent No. 
1,293,733 to Duby, which is also incorporated herein in its entirety by reference. 

Combustion Strategies for Internal Combustion Engines 

A variety of combustion strategies have been proposed and/or tested for internal 
5 combustion engines. The most common strategy, referred to herein as spark ignition (SI), 
is illustrated in Figure 3. Air and fuel are mixed together prior to being drawn into a 
combustion chamber. The mixture is compressed in the combustion chamber and a spark 
is then provided to ignite the compressed mixture. This process is used in most gasoline- 
fueled internal combustion engines. Spark ignited internal combustion engines include 

10 both two stroke and four stroke reciprocating piston designs, as well as some less well 
known varieties. The air and fuel is typically mixed upstream of the cylinder using a 
carburetor or fuel injectors. The air and fuel mixture for multiple cylinders may be 
created at a single point, such as with typical carburetors and throttle body fuel injection 
systems, or fuel and air may be mixed individually for individual cylinders, such as 

15 occurs with port fuel injection. A less common approach is to directly inject fuel into the 
cylinder prior to or during the compression stroke. Whatever the variation, spark ignition 
engines are characterized by the fact that combustion is initiated by the introduction of a 
spark to a compressed air and fuel mixture. Spark ignited engines have the benefit that 
combustion timing, also referred to as combustion phasing, is easily controlled. Because 

20 combustion is initiated by the introduction of a spark, combustion timing can be 
controlled by controlling spark timing. Spark ignition engines also tend to be relative 
compact and less expensive than some other types of engines. A drawback to spark 
ignition engines is lower fuel efficiencies than some other types. 

Another well known combustion strategy is the approach used with Diesel 

25 engines, illustrated in Figure 4. In a Diesel, air, without fuel, is drawn into a combustion 
chamber and compressed. Once the air is partly or completely compressed, fuel, 
typically Diesel fuel, is injected into the compressed air. The introduction of the fuel into 
the compressed air, under the appropriate conditions, causes the fuel and air mixture to 
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combust. Variations on the diesel strategy include the introduction of fuel at more than 
one stage in so called stratified-charge Diesel engines. In a stratified-charge Diesel 
engine, the air fuel mixture is intentionally manipulated to create areas of richer and 
leaner fuel concentrations. Often this is accomplished by compressing an initially lean 
5 mixture and then adding additional fuel to create localized rich areas and to initiate 
combustion. Stratified-charge or lean combustion approaches have also been used with 
spark ignition engines. Combustion phasing is also easily controlled in a diesel engine, 
since fuel injection timing determines combustion timing. Diesel engines offer improved 
fuel efficiency in comparison to spark ignited engines, and offer the ability to combust 

10 less expensive types of fuels. However, Diesel engines tend to be heavier, more 
expensive and noisier than spark ignited engines. Also, diesels produce high levels of 
oxides of nitrogen (NO x ) and particulate emissions. 

Another combustion strategy, referred to herein as homogenous charge 
compression ignition (HCCI), is illustrated in Figure 5. In HCCI, a mixture of air and 

15 fuel is drawn into a combustion cylinder. The mixture is then compressed until the 
mixture autoignites, without the introduction of a spark. Variations on HCCI include 
injection of fuel directly into the cylinder at some point during the compression stroke so 
as to promote a substantially premixed charge. The HCCI combustion strategy has been 
referred to by various names, including controlled auto-ignition combustion (Ford), 

20 premixed charged compression ignition (Toyota and VW), active radical combustion 
(Honda), fluid dynamically controlled combustion (French Petroleum Institute), and 
active thermo combustion (Nippon Engines). 

HCCI offers several benefits over spark ignition and Diesel strategies. First, 
HCCI offers the potential for significantly increased fuel efficiency. Second, emissions 

25 from HCCI are more manageable than for other strategies. HCCI combustion is 
significantly cooler than conventional combustion and therefore has significantly lower 
NOx emissions. HCCI also produces less particulate emissions than a diesel engine. 
Additionally, the absence of locally rich regions found in conventional Diesel engines 
reduces or eliminates particulate emissions and smoke. The benefits and drawbacks to 
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HCCI, as well as strategies for controlling HCCI, are more extensively discussed in SAE 
paper no. 1999-01-3682, which is incorporated herein in its entirety by reference. 

A drawback to HCCI is that combustion phasing is very difficult to control. The 
autoignition point of a compressed mixture of air and fuel depends on numerous factors, 
5 including the exact makeup of the fuel, the temperature of the mixture, the temperature of 
the cylinder, the makeup and reactivity of any other components present in the 
combustion chamber, the shape of the combustion chamber, the operating speed of the 
engine, the operating load of the engine, and numerous other factors. There has thus far 
been no practical way to effectively control HCCI combustion in an engine subject to 

10 normal transients in load and RPM. Unlike diesel and spark-ignited engines, where the 
phasing of combustion can be controlled by timing when fuel is injected or when a spark 
is introduced, HCCI engines lack a direct method of controlling the start of combustion. 

Another challenge with HCCI is related to combustion rate. Combustion in HCCI 
engines occurs at multiple ignition points within the combustion chamber and unlike 

15 diesel ignition, in which the rate of combustion is controlled by the mixing rate of the 
fuel jet and oxidizer, pressure rise in HCCI can occur at an extremely rapid and 
destructive rate unless very lean air-fuel mixtures are used. The requirement for lean air- 
fuel mixtures limits the maximum power output of HCCI engines to 50-75% of that of 
equivalent diesel and Otto cycle engines, placing limitations on the markets in which 

20 HCCI engines can be used. 

Control Strategies for HCCI 

Numerous approaches have been proposed for controlling combustion phasing in 
an HCCI engine. One approach to controlling the combustion phasing of an HCCI 
engine is to adjust the compression ratio of the engine. The mixture of the air and fuel 
25 will autoignite once it is sufficiently compressed. However, the amount of compression 
necessary to initiate combustion depends on numerous factors. By varying compression 
ratio, combustion phasing can be controlled. Higher compression ratios result in earlier 
combustion and lower compression ratios result in later combustion, or a lack of 
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combustion. Several variable compression ratio engine designs have been proposed, and 
in some cases, built. These engines suffer from mechanical complexity and increased 
costs. Additionally, depending on the method used to vary the compression ratio in the 
engine, changes cannot be made quickly enough to adequately control combustion 
5 phasing in an HCCI engine. Also, some designs restrict the placement of valves and 
create crevice areas in the combustion chamber, thereby leading to lowered efficiency 
and increased emissions. Such a design is disclosed in SAE paper 1999-01-3679, which 
is incorporated herein by reference. 

Another method for controlling combustion phasing in HCCI engines is to control 

10 the temperature of the intake air. As the intake air temperature is increased, with all other 
conditions held constant, combustion will occur earlier. Reducing the temperature of the 
intake air delays combustion. Therefore, by controlling the intake air temperature, 
combustion phasing may be controlled to some extent. Drawbacks to this approach 
include reductions in volumetric efficiency as intake air temperature is increased and 

15 complications related to the provision of heated intake air. Precise control of the intake 
air temperature at the combustion chamber is also difficult, and the range of adjustment 
available with this approach is quite limited. 

Fuel blending is an additional method for controlling HCCI combustion phasing. 
Different types of fuels autoignite under different conditions. Therefore, by blending two 

20 or more fuels with different propensities to autoignite, combustion phasing can be 
adjusted. This approach is typically limited to stationary applications. Obvious 
drawbacks include complications associated with redundant fuel systems and the need for 
an infrastructure to support distribution of disparate and exotic fuels. 

SAE Paper 2000-01-0251 (incorporated herein by reference) discusses the use of 

25 residual exhaust gas as a method of controlling HCCI combustion phasing. As the 
amount of exhaust gas introduced to the combustion chamber is increased, combustion 
occurs earlier. Drawbacks to this approach included a limited range of control, reduced 
power and efficiency at high residual levels, and the requirement for high residual levels 
under certain conditions. 
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U.S. Patent Nos. 5,832,880 and 5,875,743 to Dickey propose the use of water 
injection to control combustion phasing. Water is introduced either in the intake 
manifold or directly into the combustion chamber. The introduction of water into the 
combustible mixture delays the onset of combustion. This approach requires the 
5 provision of a very controllable water injection system and there is some concern that the 
injection of water into the combustible mixture may increase engine wear. Also, this 
approach has not provided adequate control according to researchers in the field. 

Yet another approach to HCCI combustion phasing control is proposed in U.S. 
Patent No. 6,260,520 to Van Reatherford (incorporated herein by reference). This patent 
10 proposes providing a secondary compression device designed to provide additional 
compression of the mixture in the combustion chamber. In this patent, a secondary boost 
piston is provided in the cylinder head such that movement of the piston increases and 
decreases the combustion chamber volume. In operation, the mixture of air and fuel is 
first compressed by the primary piston. Then, the secondary piston is moved to further 
15 increase the compression in the combustion chamber until the mixture autoignites. The 
timing of the movement of the secondary piston controls the onset of combustion, thereby 
allowing control of combustion phasing. This design is mechanically complex and 
increases the crevice volume in the combustion chamber. 

Variable valve timing has also been proposed as a method of controlling 
20 combustion phasing. By controlling the valve timing of an engine, the effective 
compression ratio can be somewhat modified. 

Despite substantial effort by numerous parties, no control strategy has proven 
particularly effective at regulating HCCI combustion phasing. This is particularly true 
where the HCCI engine would experience fast changes in speed and load. 

25 Summary of the Invention 

The present invention improves on the prior art with numerous aspects applicable 
to barrel engines and/or homogenous charge compression ignition engines, as well as 
aspects with wider applicability. In one embodiment of the present invention, a 
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homogenous charge compression ignition barrel engine includes an engine housing with 
a first and second end. An elongated power shaft is longitudinally disposed in the engine 
housing and defines a longitudinal axis of the engine. A plurality of cylinders surround 
the longitudinal axis with each cylinder having a closed end and an open end. Each 
5 cylinder has a central axis. The open ends of the cylinders are each generally directed 
toward the first end of the housing. An intake system is operable to introduce a 
combustible mixture of air and fuel into each of the cylinders. A track is disposed 
between the first end of the housing and the open ends of the cylinders such that a portion 
of the track is disposed generally in alignment with the central axis of each of the 

10 cylinders. The track has a cam surface that longitudinally undulates with respect to the 
open ends of the cylinders. A portion of the cam surface is disposed generally in 
alignment with the central axis of each of the cylinders. The track and the cylinders are 
rotatable with respect to each other such that the undulating cam surface moves with 
respect to the open ends of the cylinders. A piston is moveably disposed in each of the 

15 cylinders such that a combustion chamber is defined between the piston and the closed 
end of the cylinder. Each piston is mechanical communication with the cam surface of 
the track such that as the cylinders and the track move with respect to each other, the 
pistons reciprocate within the cylinders. Each cylinder is operable to compress a 
combustible mixture until the mixture auto ignites, without the introduction of a spark. 

20 The homogenous charge compression ignition barrel engine may also include a 

variable compression ratio device operable to adjust the longitudinal position of the track 
with respect to the open ends of the cylinders, such that the compression ratio of the 
engine is adjusted. In some embodiments, the central axis of the cylinders are parallel to 
the longitudinal axis of the engine. The track may be disposed generally in a plane that is 

25 perpendicular to the longitudinal axis of the engine with the cam surface disposed at a 
generally constant distance from the longitudinal axis of the engine. 

In one version of the engine, the track is in mechanical communication with the 
power shaft such that they rotate in unison. In an alternative version, the track is in 
mechanical communication with the engine housing such that the track and the engine 
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housing do not rotate with respect to each other. In this embodiment, the cylinders and 
the power shaft are in mechanical communication such that the cylinders and power shaft 
rotate in unison with respect to the engine housing. 

In some embodiments of the present invention, the undulating cam surface defines 
5 a generally sinusoidal shape. In other embodiments, the undulating cam surface defines a 
non-sinusoidal shape. In non-sinusoidal shape versions of the cam surface, the cam 
surface may define at least one top dead center position, with the top dead center position 
being linearly shorter than if the cam surface defined a sinusoidal shape. Alternatively, 
the non-sinusoidal cam surface defines at least one compression stroke and one expansion 

10 stroke, with the compression stroke being slower and the expansion stroke being faster 
than if the cam surface defined a sinusoidal shape. 

In some embodiments of the present invention, the intake system includes intake 
and exhaust valves and includes a variable valve timing system that allows the opening 
and/or closing time and/or lift of the valves to be adjustably controlled. 

15 In a double-ended version of the present invention, a second set of cylinders is 

provided between the track and the first end of the engine. Moveable pistons are 
disposed in the second set of cylinders and are also in mechanical communication with 
the track such that they reciprocate within the second set of cylinders. The second set of 
cylinders may be used as combustion cylinders or as part of a supercharger for 

20 compressing air for the intake system for the other cylinders. 

The present invention also provides for a method of converting fuel and air into 
rotational energy. According to the method, a homogenous charge compression ignition 
barrel engine, as described above, is provided and the track is rotated so as to position 
one of the pistons in its upper position. The track is then rotated to move the piston 

25 between an upper position and a lower position and a combustible mixture of air and fuel 
is introduced into the chamber. The track is then rotated to move the piston upwardly 
and to compress the mixture. Compression continues until the mixture autoignites 
without the introduction of a spark, such that the mixture combusts. The combustion 
causes the piston to move downwardly, thereby causing the track to rotate. 

11 
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As mentioned previously, the homogenous charge compression ignition barrel 
engine according to the present invention may include a variable compression ratio 
device. In these embodiments, the invention includes a method of adjusting the 
compression ratio in order to establish and/or maintain autoignition. A method is also 
5 provided for adjusting the compression ratio so as to generally avoid preignition. 

According to further aspects of the present invention, a corona discharge device 
may be used to introduce radicals and ions into the combustion chamber of an engine so 
as to alter the mixture reactivity of the combustible mixture in the combustion chamber. 
This in turn alters the combustion phasing of the engine. The corona discharge device 

10 preferably is disposed in the intake system of the engine, but may be alternatively 
positioned in the combustion chamber. The present invention includes a method of using 
the corona discharge device to adjust the mixture reactivity. The corona discharge device 
may be used in a homogenous charge compression ignition barrel engine, as described 
above. The corona discharge device may also be used as part of a method of controlling 

15 a homogenous charge compression ignition engine, by adjusting the mixture reactivity so 
as to adjust combustion phasing. 

Further aspects of the present invention include a homogenous charge 
compression ignition barrel engine, as described above, further including a rapid 
compression device operable to rapidly increase the compression level in one of the 

20 combustion chambers after the piston has at least partially compressed the mixture, and to 
cause the combustible mixture to autoignite without the introduction of a spark. 

The present invention is also directed to various novel rapid compression devices. 
In one embodiment, the rapid compression device is designed to introduce a charge of hot 
gas into a combustion chamber and internal combustion engine. The rapid compression 

25 device includes a body with a chamber defined therein with an opening communicating 
with a chamber. An ignition device is operable to ignite the combustible mixture in the 
secondary chamber, and a gas permeable spark arrestor is disposed in the opening of the 
chamber such that an ignited combustible mixture in the chamber is extinguished as the 
mixture is forced through the arrestor. In some embodiments, an igniter is not required in 
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the chamber, with the combustible mixture in the chamber instead being ignited through 
autoignition by compression. A rapid compression device as just described may be used 
with a homogenous charge compression ignition engine, or may have other applications. 
The present invention includes a method of using the above described rapid compression 
5 device to provide rapid compression in an internal combustion engine. 

An alternative embodiment of a rapid compression method includes the steps of 
providing an internal combustion engine with a combustion chamber and introducing a 
mixture of air and fuel into the combustion chamber. The mixture is then compressed 
and combusted to create a pressurized gaseous combustion product. A portion of the 

10 pressurized gaseous combustion product is then captured and substantially all of the 
remainder of the gaseous combustion produce is exhausted from the combustion 
chamber. A fresh mixture of air and fuel is then introduced into the combustion chamber 
and compressed. The held portion of the pressurized gaseous combustion product is then 
released into the combustion chamber to rapidly raise the compression level. 

15 The present invention further provides for methods of evening out cylinder-to- 

cylinder combustion phasing variations in an HCCI engine. In one approach, a first 
corona discharge device is selectively operable to introduce ions and free radicals into the 
combustible mixture in a first cylinder and a second corona discharge device is 
selectively operable to introduce ions and free radicals into the combustible mixture for a 

20 second cylinder. A controller controls the first and second corona discharge devices to 
selectively adjust the relative combustion phasing of the first and second cylinders. 
Alternatively, first and second water injectors may be provided for selectively 
introducing water to the first and second cylinders, respectively. Once again, a controller 
controls the first and second water injectors so as to selectively adjust the relative 

25 combustion phasing. As another alternative, the temperature of individual cylinders may 
be separately controlled so as to adjust relative combustion phasing. The same may be 
done by individually adjusting air-fuel ratios or intake air temperature or exhaust gas 
recirculation on a cylinder-by-cylinder basis in order to adjust relative combustion 
phasing. 

13 
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Brief Description of the Drawings 
FIGURE 1 is a front cross-sectional view of a generalized embodiment of an 
internal combustion engine referred to herein as a barrel engine; 

FIGURE 2A is a schematic view of a generalized embodiment of an internal 
5 combustion engine referred to herein as a wobble plate engine; 

FIGURE 2B is a cross-sectional view of another version of the engine defined 
herein as a barrel engine; 

FIGURE 3 is a block diagram showing steps that occur in a spark ignition engine; 
FIGURE 4 is a block diagram showing steps that occur in a diesel engine; 
10 FIGURE 5 is a block diagram showing steps that occur in a homogenous charged 

compression ignition (HCCI)engine; 

FIGURE 6 is a cross-sectional view of one embodiment of a variable compression 
ratio barrel engine according to the present invention; 

FIGURE 7 is a cross-sectional view of a portion of a barrel engine with a second 
15 embodiment of a variable compression ratio device according to the present invention; 

FIGURE 8 is a cross-sectional view of a portion of a barrel engine with a third 
embodiment of a variable compression device according to the present invention; 

FIGURE 9 is a cross-sectional view of another embodiment of a barrel engine 
with a variable compression device; 
20 FIGURE 10 is a cross-sectional view of yet another embodiment of a barrel 

engine with a variable compression ratio device; 

FIGURE 1 1 is a schematic representation of a cylinder and piston with a corona 
discharge device according to the present invention; 

FIGURE 12 is a schematic representation of a cylinder and piston with a 
25 mechanical rapid compression device disposed in the upper end of the cylinder; 

FIGURE 13 is a schematic representation of a cylinder and piston with a 
secondary chamber separated from the main combustion chamber by a spark arrestor; 

FIGURE 14 is a schematic representation of a cylinder and piston with a spark- 
ignited rapid compression device disposed in the upper end of the cylinder; 
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FIGURE 15 is a cross-sectional view of a version of a spark-ignited rapid 
compression device according to the present invention; 

FIGURE 16 is a cross-sectional view of a modified version of a spark-ignited 
rapid compression device according to the present invention; 
5 FIGURE 17 is a cross-sectional view of another modified version of a spark- 

ignited rapid compression device according to the present invention; 

FIGURE 18 is a cross-sectional view of an additional embodiment of a spark- 
ignited rapid compression device according to the present invention; 

FIGURE 19 is a cross-sectional view of yet another embodiment of a rapid 
10 compression device according to the present invention; 

FIGURE 20 is a front elevational view of a spark plug; 

FIGURE 21 is a front elevational view of a modified version of a spark plug with 
a ground electrode that passes above the center electrode; 

FIGURE 22 is an end view of another version of a ground electrode for use with a 
15 sparkplug; 

FIGURE 23 is an end view of the ground electrode of Figure 22 modified to 
include a spark arrestor; 

FIGURE 24 is a side elevational view of a modified spark plug with the ground 
electrode replaced by a spark arrestor, with the spark arrestor shown in cross-section; 
20 FIGURE 25 is a side elevational view of the modified spark plug of Figure 24; 

FIGURE 26 is a block diagram showing the general configuration of a spark- 
ignited rapid compression device according to the present invention; 

FIGURE 27 is a schematic representation of a cylinder and piston with a gas 
injection system for use as a rapid compression device; 
25 FIGURE 28 is a schematic representation of a cylinder and piston with a 

secondary chamber separated from the main combustion chamber by an auxiliary valve; 

FIGURE 29 is a schematic representation of a cylinder and piston with a water 
injection system shown diagrammatically; 
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FIGURE 30 is a graphical representation of a non-sinusoidal piston motion profile 
for use with engines according to the present invention; 

FIGURE 31 is a diagram showing a fuel blending system for use with the present 
invention; 

5 FIGURE 32 is a schematic representation of a cylinder and a piston with an 

exhaust gas recirculation (EGR) system; 

FIGURE 33 is a block diagram showing an intake air temperature control system 
for use with the present invention; 

FIGURE 34 is a block diagram showing an alternative embodiment of an intake 
10 air temperature control for use with the present invention; 

FIGURE 35 is a diagram showing the use of supercharging for an engine 
according to the present invention; 

FIGURE 36 is a schematic representation of an engine controller using two 
corona discharge devices to control combustion phasing in two combustion chambers; 
15 FIGURE 37 is a schematic representation of an engine controller controlling 

multiple water injectors to control combustion phasing in two combustion chambers; 

FIGURE 38 is a schematic representation of an engine controller and a cylinder 
temperature control system for controlling combustion phasing in two combustion 
chambers; and 

20 FIGURE 39 is a schematic representation of an engine controller with a plurality 

of sensors and controls communicating therewith. 

Detailed Description of the Preferred Embodiments 
HCCI Barrel Engine 

The present invention is directed to improvements in the class of internal 
25 combustion engines referred . to herein as barrel engines and to improvements in 
homogenous charge compression ignition (HCCI) engines, either in combination or 
separately. In addition, various aspects of the present invention are applicable to engine 
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configurations other than barrel engines and to compression strategies other than HCCL 
As discussed in the Background of the Invention, a barrel engine is a type of internal 
combustion engine that does not include a traditional crankshaft to reciprocate pistons in 
cylinders. Instead, in a barrel engine, one or more pistons usually mechanically 
5 communicate with a track or plate that has a cam surface that undulates towards and 
away from the cylinders as the engine turns. The mechanical communication between 
the pistons and the cam surface causes the pistons to reciprocate in their cylinders as the 
track or plate rotates with respect to the cylinders. 

Referring again to Figure 1, a generalized configuration of a barrel engine is 

10 generally shown at 10. A generally vertical power shaft 12 is surrounded by multiple 
cylinders 22, though a single cylinder version is possible. A track 16 is attached to the 
power shaft 12 and has a generally sinusoidal cam surface 18. The pistons 20 
mechanically communicate with this cam surface 18 via connecting rods, which may be 
integrally formed with the pistons 20. It should be noted that directional terms used 

15 herein such as vertical, horizontal, above, below, and aside are for convenience purposes 
and are not limiting on the actual configuration or orientation of various components. 

According to a first aspect of the present invention, an improved HCCI engine 
may be provided using a barrel engine configuration. As will be further appreciated with 
reference to the remainder of the specification, a barrel engine design provides significant 

20 benefits, especially for use with an HCCI combustion strategy. In a HCCI barrel engine, 
a combustable mixture of air and fuel is preferably mixed in the intake system of the 
engine. Alternatively, fuel may be injected directly into the combustion chamber, 
preferably early in the compression stroke. An intake valve, or other means for 
controlling communication with a combustion chamber, opens during the intake stroke 

25 for a particular cylinder. During the intake stroke, the piston 20 travels downwardly in 
the cylinder 14, thereby expanding the combustion chamber 22 and drawing in air or a 
mixture of air and fuel. In order to move the piston downwardly, the track 16 rotates 
such that the cam surface 18 of the track undulates downwardly and away from the upper 
end of the cylinder 14. The intake valve is then closed and the compression stroke 
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begins. During the compression stroke, the piston 20 is urged upwardly in the cylinder 
14 as the track 16 continues to rotate and the cam surface 18 undulates towards the 
cylinder 14. For HCCI, the combustable mixture is compressed until it autoignites. At 
autoignition, the combustable mixture expands dramatically creating a large downward 
5 force on the piston 20. If the combustion is properly phased, the cam surface 18 of the 
track 16 is at or near top-dead center (TDC), the point at which the cam surface 18 is 
closest to the cylinder and the piston at its uppermost point for that stroke. The piston is 
then urged downwardly causing the track to be urged to rotate, thereby driving the 
powershaft 12. This continues until the piston reaches bottom-dead center (BDC), the 

10 point at which the piston 20 is farthest from the top of the cylinder 14 and the cam 
surface 18 is at its farthest point from the cylinder 14 for that stroke. An exhaust valve, 
or other device controlling release of combustion product from the combustion chamber 
22, is then opened and the combustion products begin to exit the combustion chamber 22. 
At the same time, the piston 20 begins to move upwardly as the track 16 continues to 

15 rotate and the cam surface 18 undulates towards the cylinder 14. The exhaust valve 
remains open for a period of time to allow the piston to squeeze the combustion products 
out of the combustion chamber 22. As the piston 20 again reaches top-dead center, the 
exhaust valve is closed and the intake valve is opened to allow a fresh combustable 
mixture of air and fuel to be drawn into the combustion chamber 22 as the piston 20 

20 again begins its downward motion. The process is repeated as the engine runs. As is 
known to those of skill in the engine art, valve opening and closing events may not occur 
precisely at top-dead center and bottom-dead center, but may instead be phased ahead or 
after these events, and opening and closing events may overlap with one another. The 
timing of valve events as discussed above is simplified for ease of description. 

25 In Figure 1, it can be seen that two cylinders 14 are arranged on opposite sides of 

the powershaft 12. The shape of the track 16 is such that the pistons 20 and the cylinders 
14 travel in unison. That is, the track 16 has a generally sinusoidal shape with two top- 
dead centers and two bottom-dead centers per rotation. Additional cylinders may be 
provided at other positions about the powershaft and may be out of phase with the two 
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illustrated cylinders. Also, the track 16 may have other shapes than illustrated in Figure 
1, such as with the illustrated wobble blade engine wherein the plate only has a single 
top-dead center and a single bottom-dead center per rotation. In some designs, especially 
for engines with more cylinders, the track may have 3 or more top-dead centers and 
5 bottom-dead centers. These other designs are considered to be barrel engines for 
purposes of the present invention, and the wobble plate or other device is considered to 
be a track with a cam surface for moving the pistons. The cam surface 18 may be an 
upper surface, a lower surface, or other arrangement for allows for urging the pistons up 
and down. For example, the track 16 could have a circumferential groove which is 
10 engaged by the connecting rods and pistons. This would also be considered to be a cam 
surface. 

Alternative versions of barrel engines include double-ended designs and opposed 
piston designs, such as described in the present invention. According to the present 
invention, any of these versions of barrel engines may be used with an HCCI combustion 
15 strategy. For example, an additional set of cylinders may be provided on the other end of 
the engine from where the illustrated set of cylinders is provided. A second set of pistons 
may be moveably disposed in these cylinders and in mechanical communication with the 
track. 

According to the present invention, a generator may be integrated into a barrel 
20 engine as described in Applicant's incorporated priority documents. A "rotor" is formed 
on the rotatable part of the barrel engine and the "stator" is formed on the stationary part. 
This allows for a compact package. 

Barrel Engine with Variable Compression Ratio Device 

Referring now to Figure 6, an improved barrel engine according to the present 
25 invention is generally shown at 50. The barrel engine 50 includes a variable compression 
ratio device operable to vary the distance between the track 56 and the cylinders 54. The 
barrel engine 50 includes a longitudinal powershaft 52 that is positioned vertically in the 
illustration. A pair of cylinders 54 are arranged on opposite sides of the powershaft 52, 
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although single cylinder and a wide range of multi cylinder engines may be constructed 
according to the present invention. As illustrated, the cylinders 54 are generally parallel 
to one another and parallel to the longitudinal powershaft 52. Alternatively, the cylinders 
54 may be tilted inwardly or outwardly with respect to the shaft 52. A track 56 is 
5 positioned about the powershaft 52 and has a cam surface 58 that longitudinally 
undulates with respect to the cylinders 54. The term cylinder, as defined herein refers to 
shapes other than a geometric cylinder. For example, a combustion "cylinder", as 
defined herein, may have a shape that is not a pure geometric cylinder. The term 
combustion cylinder may also apply to internal combustion chambers generally, 

10 including non-traditional designs such as used in rotary engines. In these cases, the term 
piston is likewise defined broadly to be a compressive device used with the "cylinder" to 
form a combustion chamber. 

Unlike the barrel engine in Figure 1, the track 56 is not rigidly interconnected 
with the shaft 52. Instead, the track 56 in the engine 50 is longitudinally movable with 

15 respect to the shaft 52. However, the shaft 52 and track 58 are engaged with one another 
such that they rotate in unison. In the illustrated embodiment, the powershaft 52 has 
longitudinal splines 60 defined therein which are engaged by corresponding longitudinal 
teeth or splines 62 defined in an inner sleeve portion of the track 56 where it meets with 
the shaft 52. Other approaches to rotationally interconnecting the powershaft 52 and the 

20 track 56 will be apparent to those of skill in the art. The interlocking splines 60 and 62 
allow the track 56 to move longitudinally with respect to the shaft 52 to allow for variable 
compression ratios while the track 56 and shaft 52 still rotate in unison. A thrust bearing 
64 longitudinally supports the track 56 with the track 56 rotating with respect to the lower 
part of the thrust bearing 64. 

25 Pistons 66 are positioned in their respective cylinders 54 and define combustion 

chambers 68 between the upper surface of the piston 66 and the closed upper end of the 
cylinders 54. The pistons 66 mechanically communicate with the cam surface 58 of the 
track 56 such that as the track 56 rotates, the pistons 66 reciprocate in their respective 
cylinders 54. In the illustrated embodiment, the pistons 66 have connecting rods 70 that 
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extend downwardly and have rollers 72, which ride on the upper and lower surfaces of 
the plate 56. Alternatively, the pistons 66 may be shaped and positioned such that the 
rollers form part of the piston. As further alternatives, the rollers 72 may be replaced 
with slides or other designs that allow movement between the piston and the track. The 
5 lower wheel in each set of wheels may be sized differently than the upper wheel and may 
be back-set or not placed directly underneath the upper wheel. One or both the wheels 
may also ride in a groove, such as shown at 73. These variations may help to prevent the 
piston from rotating and allow the track 56 to be thicker where needed. As will be clear 
to those of skill in the art, the pistons 66 and rod 70 preferably move axially within the 

10 cylinders 54 without tilting side-to-side or front-to-back. In the illustrated embodiment, 
rod guides 74 are shown which help to retain the rod 70 in the proper orientation. 

In order to provide the barrel engine 50 with variable compression ratio 
capabilities, the thrust bearing 64 is longitudinally movable with respect to the cylinders 
54. This may be accomplished in a variety of ways. In the illustrated embodiment, the 

15 thrust bearing 64 has a threaded inner diameter 76 that mates with a threaded outer 
diameter 78 of a hub 80 formed as part of the bottom plate 82 of the engine 50. The plate 
82 is rigidly interconnected with the cylinders and head of the engine by the engine case 
84. By rotating the thrust bearing 64 with respect to the hub 80, the contact surface 
between the thrust bearing 64 and the track 56 is moved longitudinally. This directly 

20 varies the compression ratio of the engine. It also functions as a continually variable 
compression ratio unit since the compression ratio may be continuously varied by 
rotating the thrust bearing 64. The thrust bearing 64 may be rotated with respect to the 
plate 82 in any of a variety of ways, as will be clear to those of skill in the art. A means 
is also provided for holding the track 56 in contact with the thrust bearing 64, since under 

25 certain conditions, the inertial forces of the engine may attempt to lift the track 56 out of 
contact with the bearing 64. A stop plate 86 may be provided above the track 56 and 
interconnected with the powershaft 52. A bushing 88 may be provided between the stop 
plate 86 and the track 56. Together, the stop plate 86 and bushing 88 exert a downward 
force on the track 56 to maintain its contact with the bearing 64. As an alternative, a 
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second variable compression ratio device may be positioned above the track so as to hold 
it down. The two variable compression ratio devices may then be adjusted in unison to 
adjust and secure the track in position. 

The ability to continuously vary compression ratio provides significant benefits in 
5 an internal combustion engine. In addition, the design according to the present invention 
is very simple and effective. The use of a continuously variable compression ratio device 
in internal combustion engines will be discussed in more detail hereinbelow. 

During operation of the engine 50, it is necessary to control the flow of gases into 
and out of the combustion chamber 68. This may be accomplished using any of a variety 

10 of known valve systems either previously known for barrel engines or adapted from other 
types of internal combustion engines. Also, port designs may be used. In the 
embodiment illustrated in Figure 6, valves 90 are provided in the head 92 for allowing the 
flow of intake and exhaust gases into and out of the combustion chambers 68. According 
to the present invention, the upper end of the powershaft 52 may extend into the head 92 

15 and have a valve actuation plate 94 connected thereto. The valve actuation plate 94 
extends radially outwardly from the shaft 52 to a position above the upper ends of the 
valves 90. By contouring the valve actuation plate 94, the plate can selectively cause the 
opening and closing of the valves 90. The plate 94 is shown as generally flat with a 
downwardly extending bump 96 pushing one of the valves 90 open. 

20 Numerous modifications may be made to the barrel engine 50 illustrated in Figure 

6 without departing from the scope or teaching of the present invention. As a first 
example, the track 56 may be rigidly interconnected with the shaft 52. The variable 
compression ratio device, such as movable thrust bearing 64, may then urge both the 
powershaft 52 and plate 56 toward the cylinders 54 to adjust the compression ratio. 

25 Obviously, certain modifications are then required to powershaft 52. For example, if the 
valve actuation plate 94 is used, compensation must be made for changes in the position 
of the powershaft 52. As one example, an upper powershaft may be interconnected with 
a lower powershaft with a splined interconnection such that the upper shaft does not 
change longitudinal position, but the upper and lower shafts rotate in unison. 
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As another variation on the design of Figure 6, a double-ended barrel engine may 
be provided. In a double-ended design, cylinders are provided at the other end of the 
engine as well. In the orientation shown in Figure 6, the bottom plate 82 of the engine 50 
would be replaced with cylinders and a head similar to cylinders 54 and head 92. The 
5 pistons 66 may then include downwardly extending portions that define pistons in the 
lower cylinders as well as the upper cylinders. That is, pistons may be provided in both 
the upper and lower cylinders with the pistons being interconnected with one another 
either directly or via a connecting rod. An example is shown in U.S. Patent No. 
5,749,337 to Palatov, which is incorporated herein by reference. A benefit to the double- 

10 ended design is that the pistons cooperate to avoid non-axial movement. 

Referring now to Figure 7, an alternative variable compression ratio device is 
illustrated. In this embodiment, an adjustable thickness collar 100 is positioned between 
the track 102 and a flange 104 on the powershaft 106. By adjusting the thickness of the 
collar 100, the position of the track 102 relative to the cylinders (not shown) may be 

15 adjusted, thereby adjusting the compression ratio of the engine. The adjustable thickness 
collar 100 may be hydraulically adjusted, similar to a hydraulic lifter, and adjusted via oil 
pressure fed through the powershaft 106. Alternatively, a mechanical design such as 
interacting bevel plates or wedges may be used. Again, some type of retainer, or a 
second adjustable device, may be provided for maintaining the track 102 in contact with 

20 the collar 100 and flange 104. As an alternative, the adjustable thickness collar 100 may 
extend between the bottom plate 108 of the engine and the track 102, similar to the 
design of Figure 6. As yet another alternative, the adjustable thickness collar may be 
positioned between a flange on the powershaft 106 and the bottom plate 108 or other 
portion of the engine, with the track 102 rigidly connected to the shaft 106. Adjusting the 

25 thickness of the collar then moves the position of the shaft and track together. In some of 
these embodiments, the adjustable thickness collar may include a thrust bearing as well. 

Referring now to Figure 8, an alternative approach to maintaining a track 1 10 in 
contact with a thrust bearing 112 is illustrated. A retention collar 114 engages a flange 
116 on the lower end of the track 110 so as to maintain the track 110 in contact with the 
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thrust bearing 112. A similar approach may be used with the adjustable thickness collar 
shown in Figure 7, as well as all alternatives discussed. It should be noted that various 
aspects of this and other described embodiments of barrel engines may be utilized in 
different combinations than illustrated. Also, as is known to those of skill in the art, 
5 various variable displacement compressor designs have been proposed in the prior art. 
Some of these designs may be adapted to perform as variable compression engines, for 
use with the present invention. 

Referring now to Figure 9, an alternative embodiment of a barrel engine 
according to the present invention is generally shown at 120. This barrel engine 120 

10 .differs from previous embodiments in several ways. A longitudinal powershaft 122 is 
again provided, but the powershaft does not rotate with respect to the cylinders 124. 
Instead, the power shaft 122 is interconnected with the cylinders 124 to provide a 
rotatable cylinder assembly. An engine housing 126 surrounds the powershaft 122 and 
cylinders 124. A track 128 extends inwardly from the case 126 and defines a cam surface 

15 130 that longitudinally undulates with respect to the cylinders 124. The track 128 is 
preferably longitudinally movable with respect to the case 126, but is interconnected with 
the case such that the case 126 and track 128 both remain stationary. Splines, teeth, or 
other approaches may be used to allow longitudinal movement without relative rotational 
movement. A variable compression ratio device 134 is disposed between the bottom 

20 plate 136 of the case 126 and the track 128 such that the device 134 is operable to vary 
the distance between the track 128 and the bottom plate 136. This may alter the distance 
between the track 128 and the cylinders 124 to vary the compression ratio of the engine 
120. 

In operation, the track 128 and case 126 remain stationary and the cylinder 
25 assembly rotates. The head 138 of the engine 120 may be interconnected with the case 
126 such that it also remains stationary. This barrel engine also is a port design that 
avoids the use of poppet valves illustrated in previous embodiments. A generally 
spherical depression 140 in the head 138 mates with a corresponding spherical surface 
142 on the top of the cylinder assembly. As the cylinders rotate with respect to the head 
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138, openings in the surface 1 142 and depression 140 align with one another to allow 
intake and exhaust into and out of the cylinders 124. The engine is illustrated in a 
position where an opening 144 in the depression 140 of the head 138 aligns with an 
opening 146 in the main surface 142 allowing gaseous communication between the 
5 combustion chamber 148 and an intake or exhaust runner 150. As will be clear to those 
of skill in the art, the head 138 and cylinder assembly may be designed such that ports 
open and close as the engine rotates so as to provide properly phased intake and exhaust. 
Also, this spherical interface between the depression 140 and surface 142 provides some 
sealing benefits. Basically, a seal supported in the opening 146 in the surface 142 is held 

10 in place by the spherical interface. In various engine configurations, spark plugs, fuel 
injectors, and/or glow plugs 152 may be supplied in the upper end of the cylinders 124. 

The variable compression ratio device 134 illustrated in engine 120 may be of any 
design described herein, including being a hydraulic collar, a mechanical collar, or any 
other device that allows adjustment in position of the track 128. One alternative is the 

15 provision of multiple independent hydraulic lifters that press upwardly on the track 128 at 
various positions around the engine. 

As an alternative to the operation just described for the engine 120, the case 126 
and track 128 may instead rotatable, with the cylinder assembly, consisting of the 
cylinders 124 and powershaft 122, being stationary with respect thereto. A common 

20 characteristic of each embodiment of a barrel engine according to the present invention is 
that the cam surface and cylinders rotate with respect to one another. The track may be 
held stationary with the cylinders rotating, or the cylinders may be held stationary with 
the track rotating. Each variation offers its owns set of benefits and drawbacks and may 
be selected based on the requirements of the particular application. 

25 Referring now to Figure 10, another alternative embodiment of a barrel engine 

according to the present invention is shown generally at 160. This design is again 
configured such that it may be constructed as a rotatable cylinder engine with the 
cylinders 162 and powershaft 164 rotating in unison. In this version, a generally flat 
plate head 166 is interconnected with the case 168 such that the cylinders 162 rotate with 
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respect to the head 166. A port opening 170 is shown in the head 166 for allowing 
gaseous communication between a combustion chamber and an intake or exhaust runner. 
An alternative mechanical variable compression ratio device is shown generally at 172. 
The variable compression ratio device 172 includes a plurality of power screws 174 that 
5 engage the underside of the track 176 for moving the track 176 closer to and further from 
the cylinders 162. In some embodiments, the track 176 may rotate with respect to the 
bottom plate 178 of the case. In this case, a thrust bearing or thrust collar 180 is provided 
above the power screws 174. The power screws 174 may be individually powered or 
may be chain-driven by a chain 182 that is in turn driven by a motor, not shown. The 

10 motor may be hydraulic, electric, or mechanical of any type. Also shown is an engine 
cooling fan 184 sent into an opening 186 in the case 168 for directing cooling air against 
the cylinders 162. This is one alternative method of providing cooling to the engine, 
especially where the cylinders 162 rotate with respect to the case, thereby providing their 
own agitation of the air around the cylinders. Liquid-based cooling systems may also be 

15 provided, as will be clear to those of skill in the art. 

The various designs for variable compression barrel engines described herein may 
be altered in various ways as will be clear to those of skill in the art. For example, a 
variety of valve or port designs may be used for providing intake and exhaust to the 
cylinders. Barrel engine designs according to the present invention may use practically 

20 any port or traditional valve design, with the valves or ports moved or actuated in any of 
a variety of ways including the methods discussed in the incorporated priority documents. 
Also, the barrel engines may be altered by changing the angles of the cylinders with 
respect to the powershaft. A variety of applicant's prior applications, incorporated herein 
by reference, describe so-called Inverse Peristaltic Engines. Various aspects of these 

25 engines may be incorporated into a barrel engine. Also, barrel engines, as defined herein, 
should be considered to include applicant's other designs for Inverse Peristaltic Engines 
insofar as a cam surface moves with respect to cylinders to reciprocate pistons within the 
cylinders. An additional engine design that may be used to provide variable compression 
ratios is sometimes known as a nutating engine. Examples of nutating engines are shown 
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in U.S. Patent Nos. 6,019,073 to Sanderson and 5,992,357 to Tasi. Some nutating 
engines designs allow for variable compression ratios and may be used in accordance 
with various aspects of the present invention. 

The provision of a variable compression ratio device in a barrel engine, as defined 
5 herein, provides numerous benefits. Compression ratios may be adjusted depending on a 
variety of factors, including engine speed, engine load, fuel quality and type, and other 
factors. A variable compression ratio barrel engine may be used with air-cooled, liquid- 
cooled, four-stroke, two-stroke, spark-ignition, and/or Diesel strategies, as well as 
strategies not discussed herein. A variable compression ratio barrel engine according to 

10 the present invention is also particularly applicable to use with HCCI. Variable 
compression ratio approaches other than described herein may also be used with the 
HCCI combustion strategy. For example, a variable compression ratio device may be 
provided that includes some type of plunger provided in the head or cylinder of the 
engine with movement of the plunger changing the compression ratio of the engine. SAE 

15 paper 1999-01-3679, incorporated herein, describes such a variable compression ratio 
device. According to the present invention, such a plunger can be provided in a barrel 
engine for use with HCCI. Another variable compression ratio design is shown in the 
following patents and publication: U.S. Patent Nos. 5,329,893 to Drangel et al. and 
5,443,043 to Nilsson et al, and PCT publication No. WO 92/09798 to Drangel et al, 

20 incorporated herein in their entirety by reference. This variable compression ratio design 
for an internal combustion engine may be used with HCCI according to the present 
invention as described in applicant's provisional patent application Serial No. 
60/267,598. A barrel engine may also be modified to use a variable compression ratio 
approach similar to that proposed in the incorporated patents and publication. To 

25 applicant's knowledge, the use of the variable compression ratio design disclosed in the 
incorporated documents with an HCCI combustion strategy is a novel combination. 
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Using Variable Compression Ratio Devices to Control HCCI Engines 

Variable compression ratio devices, especially those disclosed and/or claimed 
herein, provide a particularly good method of controlling HCCI. As compression ratio is 
increased, autoignition of a combustable mixture of air and fuel occurs earlier. 
5 Conversely, as the compression ratio is decreased, autoignition occurs later or not at all. 
With a variable compression ratio device, the compression ratio of the engine may 
initially be set somewhat low. During starting, a mixture of air and fuel is drawn into the 
cylinders and compressed by the engine. The compression ratio is slowly increased until 
autoignition occurs in some or all of the cylinders at or near top-dead center. Preferably, 

10 the initial compression ratio is set to allow rapid start, to avoid excess emissions. The 
engine is then running and the compression ratio may continue to be increased until 
combustion phasing is optimized. If the combustion begins to occur too early, the 
compression ratio can be backed off until the condition is remedied. In an application 
wherein the engine is to be run at a constant load and RPM, the compression ratio may be 

15 adjusted until optimal conditions are reached and then left at this setting until load, speed, 
or other factors are changed. Adjustments may also be made for fuel type or other 
changes. In an engine that will experience variations in speed or load, such as an 
automobile engine, more sophisticated control is required. In this situation, an engine 
controller needs to precisely and quickly control the compression ratio to maintain 

20 combustion and to optimize combustion phasing. Over time, an engine controller can 
"learn" what settings are appropriate under a particular combination of conditions. When 
this combination of conditions is repeated, the engine controller can return the variable 
compression ratio to this setting that previously worked for those conditions. 

In order to allow the engine controller to optimize combustion phasing, it is 

25 necessary to somehow determine when combustion is occurring in all or some of the 
cylinders. A new method disclosed in this invention uses knock sensors such as those 
that are found in many engine applications to monitor combustion. A more standard 
method of monitoring HCCI combustion would include various types pressure 
transducers, such as strain gauges and piezoelectric devices or others that may be located 
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in the cylinders, head bolts, spark plugs or other places to allow monitoring of the 
pressure conditions in the cylinder. 

As with any compression ignition engine, HCCI may give off a knocking sound 
(similar to that generated by conventional diesel engines). This knocking sound should 
5 make for an effective method of monitoring combustion. A knock sensor or other types 
of vibration or sound sensing devices may be used to detect this knocking sound and 
relay data to the engine's control unit. 

A more standard method of monitoring HCCI combustion would include various 
types pressure transducers, such as strain gauges and piezoelectric devices or others that 

10 may be located in the cylinders, head bolts, spark plugs or other places to allow 
monitoring of the pressure conditions in the cylinder. It may also be possible to use 
various types of light or electromagnetic radiation sensors. 

Whether the engine uses a knock type sensor, pressure transducer, or other device, 
feedback from the sensing device would be fed into the control unit and compared against 

15 the mechanical position of the pistons at that moment in time. If combustion were 
occurring too early, the control unit would send a signal to the variable compression ratio 
device to lower the engine's compression ratio. The lowered compression ratio would 
cause the pressure/temperature necessary to ignite the air-fuel mixture to be reached 
when the pistons are closer to top-dead center. In order to allow the engine to accept a 

20 multitude of fuels and to ensure that combustion will always occur at an optimum time, 
the control unit will steadily increase the engines compression ratio until the combustion 
sensor indicates that combustion is occurring too early. To increase the speed at which 
the engine can navigate through a changing range of loads and RPMs, the control unit 
may learn to map what the ideal compression ratio should be under different commonly 

25 occurring circumstances. Such a map may be somewhat generic, as the variables from 
any given period of time would cause it to need to be continuously updated and rewritten. 
In addition to the conventional necessary elements, the engine system may include a 
sensor at the fuel tank that would indicate to the control unit that the fuel tank has been 
opened and may contain a different fuel. Other approaches to determining fuel type and 
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quality may also be used, including manual input, various fuel sensors, and other 
approaches. As a precautionary measure, the control unit would then start the engine at a 
lower compression ratio to ensure that combustion will not occur too early (which may 
cause damage to the engine) and then slowly increase the compression ratio until ideal 
5 combustion is reached. Additional precautionary measures of this type may be taken by 
engineering the slope of the undulating track such that it has a more gradual compression 
stroke near TDC and a steeper power stroke near TDC. Such a structure would minimize 
the mechanical advantage that the pistons would have if combustion were to occur too 
early. 

10 An additional option using knock sensors that is more along the lines of what 

knock sensors are used for in non-HCCI applications would use knock sensors to detect 
knock. In this system, feedback from sensors that measure crankangle, engine speed, 
load, temperature and other parameters would be compared against a generic control map 
that would indicate the correct variable compression ratio or other phasing adjustments 

15 for the engine's various operating parameters. If, while following the control map, knock 
exceeds a certain acceptable limit, the engine's control unit would: directly lower the 
compression ratio and then update the control map, would switch to a different control 
map, usually used for a different fuel, or would update the current control map and follow 
the new instructions which would likely recommend a lowered compression ratio. In 

20 order to constantly keep the control map updated and to maintain optimum efficiency and 
power, the control unit would gradually increase the engine's compression ratio from 
time to time until the engine begins to knock. When this self-induced knock begins to 
occur, the control unit would gradually reduce compression ratio or any other phasing 
devices until the knock subsides. A record of when this knock began or subsided and the 

25 operating conditions of the engine at this time would be recorded and used to keep the 
control map continuously updated. 

Figure 39 shows a control system with a plurality of sensors and controls 
communicating with an engine controller. Various combinations of the illustrated 
elements may be used to provide adequate engine control. 
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Control of Combustion Phasing 

It is very important in an HCCI engine to control the combustion phasing. 
Premature autoigntion not only reduces the engine's efficiency, but may be destructive to 
the engine. If combustion occurs too late, the engine's efficiency is reduced. If the 
5 conditions are too far from optimal, combustion may not occur at all. At high loads, 
phasing of combustion in HCCI engines becomes increasingly difficult and must be very 
precise in order to prevent detonation and or preignition from occurring. Currently, high 
load HCCI is very difficult or impossible to achieve at normal piston speeds without 
problems with detonation and or preignition prior to TDC. 

10 In the past, high load HCCI combustion could only be achieved at extremely high 

piston speeds. The reason for this is that regardless of the engine's RPM, the duration of 
HCCI combustion is determined by time not crank angle. Therefore, at higher piston 
speeds, if ignition occurs before TDC, the mixture still does not have time to fully 
combust until the piston has cleared TDC. Unfortunately, high piston speeds are not 

15 acceptable for reliable operation, so HCCI combustion has been limited to low loads 
where the process can be better controlled. 

At normal piston speeds, it is difficult to stabilize the air/fuel mixture long enough 
to clear TDC without preignition. If the engine's compression ratio is lowered or other 
means are used to delay the crank angle or crank angle equivalent at which the mixture 

20 reaches autoignition temperatures until closer to TDC, there is a risk that the fuel will not 
ignite during some cycles. There is a delicate balance between preignition on one end 
and failure to ignite on the other. 

In light of the above, it is important to have a method to control combustion 
phasing, especially in an engine that experiences a variety of speeds and loads. As 

25 mentioned above, variable compression ratios allow control over combustion phasing. 
However, other approaches to controlling combustion phasing may also be used either 
alone or in combination with one or more other methods. Some of these methods of 
controlling combustion phasing are also applicable to combustion strategies other than 
HCCI. 
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Corona Discharge Device 

One approach to controlling combustion phasing is to use a corona discharge 
device in the intake system to introduce radicals, including ozone (0 3 ), into to the air-fuel 
mixture in order to vary mixture reactivity. A corona discharge device (CDD), also 
5 commonly referred to as a plasma generator or a non-thermal plasma generator, may use 
either alternating or direct current and may be placed within the intake manifold of the 
engine in order to introduce or generate ozone (O3), ions and radicals into the intake air 
or mixture. The corona discharge device may be placed before or after the fuel injectors, 
depending on what will offer the most favorable results or what is most compatible with 

10 the location of the injectors. 

For purposes of definition, a corona discharge device is a device that uses high 
voltages to ionize the gasses in its proximity. When atmospheric oxygen (O2) is ionized, 
the atoms can recombine to form O3 (ozone). O3 is a powerful low temperature oxidizer 
that is often produced commercially to be used to remove odors from cars and houses. A 

15 corona discharge device may be of several designs and may generate thermal or non- 
thermal plasma. One design that has been used in vehicle exhaust systems to create ions 
is discussed in SAE paper no. 2000-01-3088, incorporated herein by reference. The 
designs discussed in the incorporated paper may be used as part of the present invention, 
or may be modified for use as part of the present invention. Other designs will be 

20 apparent to those of skill in the art. For purposes of the present invention, a corona 
discharge device may be defined to be any device that ionizes gases or creates radicals. 
By introducing radicals into the intake, the mixture reactivity can be altered. By altering 
the mixture reactivity, the phasing or initiation of combustion can be controlled within 
certain limits. Adding to or generating radicals in the air-fuel mixture can alter the 

25 mixture reactivity. It is believed that increasing the amount of radicals advances 
combustion phasing in an HCCI engine and decreasing the amount of radicals delays 
combustion. The amount of radicals produced, and therefore, the mixture reactivity, can 
be altered by varying the voltage or duty cycle of the corona discharge device. It may 
also be possible to adjust the current. The amount of radicals produced may also be 
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altered by employing a corona discharge device with multiple elements (either corona 
wires, dielectrics, or similar components) or by using multiple corona discharge devices. 
In a corona discharge device with multiple elements, activating or deactivating different 
numbers of elements at a time would control the amount of radicals generated. If 
5 multiple corona discharge devices were used, activating different numbers of corona 
discharge devices at different times would control the amount of radicals produced. 
Regardless of what type of corona discharge device is used, it is preferred that an engine 
control unit communicate with and control the corona discharge device to optimize 
combustion phasing. 

10 The use of a corona discharge device to adjust combustion phasing may be used 

independently or in combination with any other aspect of the present invention. Also, 
corona discharge devices may have applicability outside of HCCI engines. The 
introduction of radicals in compression ignition engines such as HCCI, Diesels, 
compression ignited natural gas engines and other types may help to improve combustion 

15 and will lower the compression ratios needed in order to achieve compression ignition. 
There may also be applications for improving combustion in spark-ignited engines. 

In one combination, one or more corona discharge devices are used in 
combination with a continuously variable compression ratio device for enhanced control 
of an HCCI engine. A corona discharge device should provide a fast and effective means 

20 for varying the mixture reactivity and combustion phasing, thereby reducing the demand 
placed on a continuously variable compression ratio device. In certain applications it 
may be possible to eliminate the continuously variable compression ratio device entirely, 
and control the phasing of combustion with the corona discharge device. In most cases, 
however, the corona discharge device would be used in unison with the continuously 

25 variable compression ratio device and/or other phasing devices or techniques in order to 
further expedite the engine's ability to respond to changes in load and speed, and to 
different fuels. 

Figure 11 provides a schematic representation of a combustion cylinder 190 with 
a piston 192 positioned therein. A combustion chamber 194 is defined between the 
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piston 192 and the closed upper end of the cylinder 190. An intake runner 196 is shown 
in communication with the combustion chamber 194. An intake valve selectively closes 
off the intake runner 196 from the combustion chamber 194. An exhaust runner and 
valve, not shown, would also be provided in a working engine. It should be noted that 
5 while a combustion chamber is defined in a cylinder with a reciprocal piston in many of 
the illustrations herein, the present invention is not limited to this configuration, but 
instead may be used with other configurations. Also, port designs, or alternative valve 
designs, may be used in place of the traditional valves illustrated herein without departing 
from the scope of the present invention. 

10 In Figure 1 1, a corona discharge device 200 is shown disposed in the closed upper 

end of the cylinder 190. A second corona discharge device 202 is shown disposed in the 
intake runner 196. Positioning a corona discharge device in the intake system, either 
prior to or after addition of fuel, is currently preferred. However, a corona discharge 
device positioned to introduce radicals directly in the combustion chamber may be 

15 additionally or alternatively provided. In one embodiment, a corona discharge device is 
provided in the main intake system to provide radicals to multiple cylinders. Additional, 
cylinder specific, corona discharge devices may also be provided in the respective intakes 
of each of the engine's individual cylinders, especially for use in smoothing out cylinder- 
to-cylinder variations, as discussed hereinbelow. 

20 In order to minimize unburnt hydrocarbon (HC) emissions, it may be 

advantageous to place one or more corona discharge devices within the head area or walls 
of each cylinder, such as corona discharge device 200, in order to ionize the air or air-fuel 
mixtures near the inner surfaces of the cylinders. It may be possible to use the cylinder 
and/or head and/or piston as the actual elements of the corona discharge device. Such an 

25 arrangement would ensure thorough ionization of the air or air-fuel mixture near and/or 
in contact with these areas. Probably the best way to do this would be to use a ceramic- 
coated cylinder or cylinder liner as the dielectric. Ionization would be most concentrated 
in the crevice areas between the piston crown and cylinder and in the areas where the 
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head is adjoining the cylinder. It is in these areas that most hydrocarbon emissions occur 
and that the largest improvements would be realized. 

Another method of increasing combustion efficiency may be to place a 
microwave-producing device within the cylinder. The microwaves would ionize the air 
5 fuel mixture near the surfaces on which they are impinging. Microwaves may also 
enhance the efficiency of using water to prevent quenching by accelerating the rate at 
which the wet surfaces evaporate. Gamma or X-ray, Infra-red or other electromagnetic 
devices placed within the cylinders may also produce similar effects, although their 
influence on water will not be the same. It may also be possible to use a cathode to 
10 produce electrons within the cylinders to aid in ionization. 

Rapid Compression Devices 

Another method of controlling HCCI combustion phasing is through the use of a 
rapid compression device. For purposes of the present invention, a rapid compression 
device is any auxiliary device (i.e. other than the primary compression device, such as the 

15 primary piston in a reciprocal piston engine) that rapidly increases the compression level 
in a combustion chamber at a particular time. In an HCCI engine, a rapid compression 
device may be used to initiate combustion. For example, the compression ratio of an 
HCCI engine may be set such that a combustable mixture in a combustion chamber is not 
compressed sufficiently to cause autoignition. Then, at approximately top-dead center, a 

20 rapid compression device may be used to increase the compression pressure in the 
combustion chamber sufficiently to initiate autoignition. When using a rapid 
compression device to aid in ignition, the reactivity of or the time temperature history of 
the air-fuel mixture would likely be altered (continuously or permanently), through 
lowered compression ratios or any other means, just enough to allow the mixture to 

25 remain stable and to not detonate or preignite all the way up to or past the crank angle or 
crank angle equivalent at which ignition is desired to occur. When the engine has 
reached the correct mechanical position, combustion is initiated by rapidly compressing 
the mixture until it autoignites. Because this rapid compression is not directly facilitated 
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by the piston, it is possible to autoignite the mixture and commence successful HCCI 
combustion at or, even after, TDC. Rapid compression may be employed at times when 
it becomes difficult to properly phase combustion, at times at which it can be used to 
extend the load range of HCCI combustion and at times when it can be used to lower 
5 vibration and/or pressure rises within the engine. The use of a rapid compression device 
is particularly promising for avoiding HCCI preignition at high loads. By causing rapid 
compression at or near TDC (in order to reach temperatures and pressures high enough 
for autoignition), compression phasing may be controlled without requiring unacceptable 
piston speeds. 

10 Rapid compression may be achieved through a number of mechanical means, i.e. 

plungers, compressed gas injectors, hot gas injectors, etc., or through indirect combustion 
chambers, stratified charge techniques, the use of a pilot charge and through other means. 
It may also be possible to achieve similar effects with light, sound waves, vibrations, 
various types of radiation, magnetic fields and other means. However, in the interest of 

15 maintaining the lowest possible emissions and production costs, the rapid compression 
devices and techniques described below will likely be preferred. 

Mechanical rapid compression devices are shown in Figure 12 and disclosed in 
U.S. Patent No. 6,260,520 to Van Reatherford (incorporated herein by reference). Figure 
12 provides a schematic representation of a combustion chamber 212 defined between an 

20 upper end of a piston 214 and a closed upper end of a cylinder 212. Other components 
necessary for an engine, such as intake and exhaust runners and valves or ports are 
omitted for simplicity. A mechanical rapid compression device is provided in the closed 
upper end of the cylinder. The device includes a movable plunger 216 positioned in a 
chamber or passage 218. By moving the plungers 216 towards the combustion chamber 

25 210, the compression level in the combustion chamber 210 may be raised rapidly. For 
example, the plunger may be retracted somewhat with respect to the closed upper end of 
the cylinder 212 during the compression stroke of the piston. Then, at or near top-dead 
center, the plunger is rapidly moved downwardly in order to rapidly raise the 
compression level in the combustion chamber 210 and aid in facilitating autoignition. 
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Referring now to Figure 13, a different approach to providing a rapid compression 
device will be described. Again, a schematic representation of a combustion chamber 
220 is illustrated, as defined between a piston 222 and a closed upper end of a cylinder 
224. In this illustration, intake valves and passageways are also illustrated, though other 
5 valves, as well as port designs, may be used. A secondary chamber 226 is illustrated in 
gaseous communication with the main combustion chamber 220. A spark plug 228 has 
electrodes that extend into the secondary chamber 226 for introducing a spark into the 
secondary chamber 226. A spark arrestor or flame arrestor 230 is disposed between the 
main combustion chamber 220 and the secondary chamber 226 such that gases passing 

10 between the two chambers pass through the arrestor 230. During operation of an engine 
using this design of a rapid compression device, a combustable mixture of air and fuel is 
introduced into the main combustion chamber 220. Some of this mixture will naturally 
pass through the arrestor 230 into the secondary chamber 226. As the piston 222 moves 
upwardly to compress the mixture, more of the combustable mixture will be squeezed 

15 into the secondary chamber 226. At approximately top-dead center, a spark is introduced 
into the secondary chamber 226 by the spark plug 228. The spark combusts a portion of 
the mixture in the secondary chamber 226, thereby producing a hot, gaseous combustion 
product. Due to the combustion, this combustion product expands very rapidly such that 
it is pushed back through the arrestor 230. As it passes through the arrestor 230, flame 

20 and spark is extinguished such that only a hot gas product, without flame, enters the main 
combustion chamber 220. This rapidly raises the level of compression in the main 
combustion chamber 220. Preferably, the combustion in the secondary chamber 226 
occurs near top-dead center and the rapidly rising compression subsequently caused in 
the main combustion chamber 220 is sufficient to cause autoignition of the mixture in the 

25 main combustion chamber 220. While a traditional design for a spark plug 228 is 
illustrated, other designs may be used, as well as other devices for igniting the mixture in 
the secondary chamber. A combustible mixture may be introduced into the secondary 
chamber in other ways than described above. For example, a combustible mixture may 
be injected or drawn into the secondary chamber through an injector or valve of some 

37 



TPL- 10202/03 
12610sh 



type. Also, the mixture in the secondary chamber maybe different than the mixture in the 
main chamber. Additional fuel could be injected into secondary chamber to create a 
richer mixture. A different fuel could also be used. 

For purposes of the present invention, a spark arrestor or a flame arrestor is any 
5 device that allows the passage of gasses but blocks or extinguishes all or most of the 
flame or spark in the gasses. The flame arrester may consist of a number of different 
materials and may be constructed in a number of different manners. It may be important 
to prevent the flame arrester from overheating. Possible problems with overheating may 
be addressed by constructing the arrester with materials capable of enduring high 

10 temperatures, such as ceramics or alloys of tungsten nickel and iron or other high 
temperature materials, or by supplying a method of cooling the arrester. To cool the 
arrester it may be possible to simply recess the arrester end of the rapid compression 
device into the head of the engine. By recessing the arrester into the head, cooling will 
be provided by the engine, whether the coolant of the engine is in direct contact with the 

15 device or whether the metal in the proximity of the device remains sufficiently cool to 
draw enough heat away from the device. The flame arrester may include a number of 
perforated plates, a single perforated plate, a mesh like matrix, a long tube, a series of 
long tubes ether in parallel or in series, a series of baffle plates or any other means 
capable of extinguishing a flame without drawing too much heat away from the gasses. It 

20 may also be possible to extinguish a flame through the careful placement or stratification 
of EGR (recirculated exhaust gasses) or air within the device or within the engine's main 
combustion chamber. 

A spark-ignited combustion based rapid compression device according to the 
present invention has a side effect of introducing a high temperature charge into the main 

25 combustion chamber and may provide additional radicals or combustion byproducts that 
help to induce or facilitate autoignition. When pressure builds in the chamber of the 
device, much of the burning charge is extinguished prior to fully combusting as it is 
forced through the flame arrester. Therefore, partially burnt fuel, which is in many cases 
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more reactive than unburnt fuel, is injected into the engine's main combustion chamber. 
This increases the reactivity of the mixture and may aid in initiating autoignition. 

Referring now to Figures 14 and 15, an additional embodiment of a combustion 
based rapid compression device is illustrated generally at 232. Figure 15 illustrates the 
5 rapid compression device 232 by itself, while Figure 14 illustrates the device 232 
positioned in the top of an engine in communication with a combustion chamber 234. In 
the embodiment of Figure 13, a secondary chamber was provided in the engine, such as 
in the head of the engine. This requires the formation of a secondary chamber in the head 
or block. The version of Figures 14 and 15 provides a spark plug-like device that screws 
10 into a threaded hole into the head of the engine, and extends into the combustion chamber 
234. 

The device 232 has a body 236 with a chamber 238 defined therein. The outer 
portion of the body 236 is threaded or otherwise configured to engage an opening in the 
engine so as to dispose the chamber 238 in the body 236 in gaseous communication with 

15 the combustion chamber 234. The chamber 238 has an opening that is filled by a gas 
permeable spark arrestor 240, such that gas flowing between the chamber 238 and the 
combustion chamber 234 passes through the arrestor 240. Electrodes 242 extend into 
chamber 238 in the body 236 for introducing a spark. This rapid compression device 232 
operates according to the same steps as described with respect to Figure 13. As 

20 illustrated, the electrodes 242 are part of a spark plug 244 that is threaded into an upper 
opening into the chamber 238. However, the spark producing electrodes may be formed 
as part of the overall device 232 instead of being part of a spark plug that is removable 
therefrom. Also, other types of spark providing devices, as well as other approaches to 
igniting the mixture in the chamber 238, may be used. The device 232 has the benefit 

25 that the body 236 may be removed from the engine for replacement or cleaning. For 
example, it may be necessary during operation of an engine to periodically change the 
spark arrestor 240. In versions in which a spark plug is used, the spark plug may also be 
changed. 
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Figures 16-25 illustrate alternative embodiments of spark-ignited combustion 
based rapid compression devices similar to the ones previously described. Various 
features of each of the devices may be combined differently than illustrated. In the 
embodiment of Figure 16, the device 250 has a baffle plate 252 provided near the bottom 
5 of the chamber to facilitate turbulence and/or swirl within the chamber as well as in the 
combustion product exiting the chamber. Figure 17 shows another version of the rapid 
compression device wherein a turbine type blade 254 is provided in the chamber to 
facilitate swirl. In the version of Figure 18, the body 256 extends downwardly beyond 
the arrestor 258 and has an end cover 262 with nozzles 260 in the sides thereof. This 

10 creates a more convoluted route into and out of the chamber 264 to facilitate swirl. Also, 
the nozzles 260 may be aimed in various ways so as to allow the hot gas flowing out of 
the rapid compression device to be directed as desired within the combustion chamber. 
The nozzles 260 may also be angled to facilitate swirl. The end plate 262 may also 
provide some protection for the flame arrestor 258, thereby avoiding direct impingement 

15 of the pressure wave within the main combustion chamber onto the flame arrestor 258. 
Nozzles of various designs, as well as other features just described, maybe used with the 
embodiment of Figure 13 as well. 

Figure 19 is another alternative embodiment, wherein the body 270 is very 
compact and the flame arrestor 272 is in the sides of the 270. The flame arrestor 272 may 

20 be a circumferential ring, or may be in individual windows in the sides of the body 270. 

Figures 20-23 illustrate various views of a spark plug modified to operate as a 
rapid compression device. Figure 20 illustrates a traditional spark plug 274. In Figure 
21, the spark plug 274 has a modified grounding electrode 276 that arcs over the central 
electrode 278. Figure 22 is an end view showing grounding electrodes that cross over the 

25 center electrode in a cross formation. In Figure 23, a flame arrestor 280 has been 
attached to or integrated with the cross shaped electrodes 282. The spark arrestor 280 
encloses an area surrounding the center electrode so as to define a chamber into which a 
spark may be introduced by electricity arcing between the center electrode and the 
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electrodes 282 or spark arrestor 280. This creates a combustion flame inside the flame 
arrestor 280 which extinguishes itself as it passes through the arrestor 280. 

Figure 24 and 25 are a view of a rapid compression device formed like a typical 
spark plug but with a formed spark arrestor 284 replacing the ground electrode. The 
5 spark arrestor forms a dome over the center electrode. 

Figure 26 schematically illustrates the general concept provided by several of the 
previous rapid compression devices. Basically, a large combustion chamber 290 is 
separated from a secondary chamber 292 by a flame arrestor 294. An ignition source 
296, which may be any method of igniting a combustable mixture in the secondary 

10 chamber 292, is also provided. 

Referring now to Figure 27, a different design for a rapid compression device will 
be described. As discussed with previous versions of spark ignited combustion based 
rapid compression devices, the compression level in a combustion chamber may be 
increased by injecting a pressurized gas. The rapid compression device of Figure 27 

15 comprises a gas injector 300 that communicates with a combustion chamber 302. The 
gas injector 300 is operable to feed a charge of pressurized gas into the combustion 
chamber so as to rapidly raise the compression level in the combustion chamber 302. In 
the illustrated embodiment, pressurized gas source 304 is provided along with a control 
device 306 for controlling the flow of the gas to the gas injector. 

20 Other approaches may be used for providing the injection of hot gas into the 

combustion chamber. For example, hot high pressure exhaust gas from one chamber may 
be directed into a second combustion chamber when that second combustion chamber is 
near top-dead center so that the addition of the hot exhaust gas has a rapid compression 
affect, thereby triggering autoignition. Figure 28 offers one version of using exhaust gas 

25 from combustion to later be used for rapid compression purposes. In Figure 28, a 
combustion chamber 310 is defined between a piston 312 and the closed upper end of a 
cylinder 314. A secondary chamber 316 is separated from the main combustion chamber 
310 by a valve 318 such that when the valve 318 is opened, the secondary chamber 316 is 
in gaseous communication with the main chamber 310, and when the valve 318 is closed, 
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the two chambers are separated. As illustrated, the secondary chamber 316 is defined 
directly off of the main chamber 310. However, it may be provided in other ways that 
allow gaseous communication between the two chambers. Also, any design of a valve 
may be used which allows the chambers to be selectively interconnected and separated. 
5 For example, a rotary valve may be preferable for some applications. As a further 
alternative, the secondary chamber 316 may also communicate with other portions of the 
engine, such as intake runner 320 or exhaust runner 322. 

In operation, combustion occurs in the main combustion chamber 301, thereby 
creating a pressurized gaseous combustion product. A portion of this product is then 

10 captured in the secondary chamber 316, and retained in the secondary chamber 306. As 
one example, the valve 318 may be held partially open during the combustion event in 
the main chamber 310. Alternatively, the valve 318 may be opened after the initialization 
of the combustion, such as at some point during the expansion or exhaust stroke. The 
valve 318 is then closed so that a portion of pressurized gaseous combustion product is 

15 held in the secondary chamber 316. During a subsequent combustion cycle, a mixture of 
air and fuel is compressed in the combustion chamber 310. At or near top-dead center, 
the valve 318 is opened to release the pressurized gaseous combustion product from the 
secondary chamber 316 into the main chamber 310. This preferably rapidly increases the 
compression level in the combustion chamber 310, sufficiently to initiate autoignition. 

20 The process may then be repeated. 

As an alternative, gaseous combustion product may be captured from one 
chamber and used in another chamber to initiate rapid compression and autoignition. As 
just an illustrated example, if two combustion chambers are 90 degrees apart in phase, a 
portion of gaseous combustion product may be directed from the first combustion 

25 chamber 90 degrees after the combustion at top-dead center, into the second combustion 
chamber at or near top-dead center. This redirection of pressurized gaseous combustion 
product may be sufficient to initiate autoignition in the secondary combustion chamber. 
Other variations on this approach will be clear to those of skill in the art. 
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Rapid compression devices as discussed herein may be used to control 
combustion phasing in an HCCI engine of any design or configuration, and may be used 
alone or in combination with any other aspect of the present invention. They may be 
placed in the head of the engine, as illustrated, or elsewhere. Also, more than one rapid 
5 compression device may be used for each chamber, or more than one type may be 
provided in a single engine. A preferred embodiment uses a rapid compression device in 
a barrel engine configuration, which may also include a variable compression ratio device 
such as previously discussed. In an HCCI engine combining a variable compression ratio 
device and a rapid compression device, when and if the point is reached where 

10 preignition and/or detonation is beginning to occur, the engine's compression ratio can be 
lowered. If the lowered compression ratio is not sufficient to sustain HCCI combustion, 
the rapid compression device can be used to initiate combustion. Rapid compression 
techniques may also find application in other engine configurations. The spark ignited 
combustion based rapid compression devices described herein may have wider 

15 applicability, including applications outside internal combustion engines. 

An additional method of rapid compression that may be preferred would use a 
secondary chamber, similar to that which is illustrated in Figure 13, inside of which 
HCCI or autoignition would provide rapid compression for the main combustion 
chamber. To prevent quenching and to ensure that temperatures in the secondary 

20 chamber remain high enough for autoignition to occur there first, it will likely be 
necessary to include a form of insulation within the secondary chamber such as a ceramic 
coating of some type. It may also be possible to construct the secondary chamber of a 
ceramic composite or to use a ceramic insert. 

In an HCCI engine using an HCCI powered rapid compression device, the 

25 reactivity of or the time temperature history of the air-fuel mixture would be altered 
(continuously or permanently), through lowered compression ratios or any other means, 
just enough to allow the mixture in the main combustion chamber to remain stable 
enough to not detonate or preignite before top-dead center. It may be necessary to adjust 
this to a low enough level where, if there was no rapid compression device, the engine 
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would pass through top-dead center without ignition of the mixture. As the engine 
approaches top-dead center, the higher temperature and radicals present in the residual 
exhaust that remains within the narrower secondary chamber would cause HCCI 
combustion to occur within the secondary chamber before the main chamber. The 
5 pressure and heat generated from the HCCI combustion within the secondary chamber 
would pressurize the main combustion chamber and facilitate HCCI combustion. Since 
the conditions in the smaller secondary chamber were more conducive to HCCI 
combustion than the conditions in the main combustion chamber, there will be a delay 
from the time that combustion begins to occur in the secondary to the time that the 

10 secondary chamber provides enough pressure to initiate combustion in the main chamber. 
This delay should be sufficient to allow the main charge to be very near to or to clear top- 
dead center before it autoignites. 

Since the secondary chamber would use HCCI combustion, it may or may not 
need a flame arrestor. If it does not need a flame arrestor and a spark plug is included in 

15 the chamber, flames from the spark plug will be able to propagate from the secondary 
chamber into the main combustion chamber. This will allow the engine to function in 
both spark ignited and HCCI modes without needing to include a spark plug outside of 
the secondary chamber. This will leave more space in the head of the engine. This will 
also allow compact integrated screw in devices similar in form to those illustrated in 

20 Figures 15, 16, 17, 18 and 19 to be used. 

The preferred embodiment of this device would likely be most similar to that 
which is illustrated in Figure 15 but would not include a flame arrestor. As mentioned 
earlier it would be important to provide thorough insulation inside the secondary 
chamber. Ideally the engine would start in a spark-ignited mode and remain in a spark- 

25 ignited mode until the secondary chamber reaches a high enough temperature for HCCI 
autoignition to occur , within the secondary chamber prior to occurring in the main 
combustion chamber. At this time the engine would revert to HCCI mode and the 
compression from the HCCI combustion in the secondary chamber would facilitate HCCI 
combustion in the main chamber. 
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It may be beneficial to include a type of corona discharge device within the 
secondary chamber to create higher mixture reactivity in this area thus ensuring that 
autoignition occurs there first. It may be possible to modify the spark plug to double as a 
corona discharge device. It may also be beneficial to provide a heating means. 
5 If the combustion stability offered by this rapid compression device (or any of the 

aforementioned rapid compression devices) is high enough, it may be possible to use a 
preset ignition point and do away with adjustable phasing altogether. However, with this 
device it will be possible to control phasing in the same manner as any type of HCCI 
engine, partly because this device uses HCCI, only in a two-step process. In order to 
10 maintain fuel versatility it would be best to supplement this device with phasing 
techniques. 

As with the spark ignited rapid compression devices discussed earlier, the mixture 
in the secondary chamber maybe different than the mixture in the main chamber. 
Additional fuel could be injected into secondary chamber to create a richer mixture. A 
15 different fuel could also be used. 

Again, there may be application for this device in other types of compression 
ignition engines and in lean combustion engines such as lean natural gas engines. 

An alternative approach to providing a rapid compression device is through the 
provision of an opposed piston design, either in a crank driven or barrel engine design. In 
20 an opposed piston design, two pistons reciprocate in the same cylinder with a combustion 
chamber defined between the pistons. In an HCCI opposed piston engine, a combustible 
mixture of air and fuel is introduced between the two pistons and then the pistons are 
moved so as to compress the mixture until it autoignites. The pistons may be completely 
in-phase, that is reaching top dead center at the same time, or somewhat out of phase. 
25 For example, if one piston somewhat lags the other piston, the first piston may be slightly 
past top-dead center when the second piston reaches top dead center. The second piston 
may then act as a rapid compression device causing autoignition. This may effectively 
shorten the time in which the total engine dwells at top dead center. In a barrel engine 
design, an opposed piston design may be provided by having a central set of cylinders 
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arranged around the central power shaft. The cylinders would have two open ends 
directed towards opposite ends of the engine. A first set of pistons would be positioned 
in the first end of the cylinders and a second set of pistons would be positioned in the 
second end of the cylinders. A track is provided at each end of the engine and is in 
5 mechanical communication with one of the sets of the pistons. As the tracks rotate, the 
pistons reciprocate in cylinders in order to provide the various strokes of a combustion 
cycle. Various designs may also be provided for crank driven engines. In one example, 
an upside down "V" design has two banks of cylinders that meet in a "V" at the normally 
closed ends of the cylinders. Two cranks would then be provided for operating pistons in 

10 opposite sides of the "V". 

In addition to the rapid compression techniques disclosed above, an additional 
method of rapidly compressing the mixture near, at, or even after TDC would be to create 
a flame kernel of some type, the smaller the better, in order to rapidly compress the 
remaining charge and facilitate HCCI combustion. By igniting a small portion of the 

15 charge with lean combustion techniques, conventional combustion techniques, or with a 
pilot charge of some type, the rapid heating of the local area will raise the pressure in the 
entire combustion chamber and will commence autoignition. 

For purposes of definition, lean combustion is generally described as a cycle 
similar to that of typical SI combustion, but occurring at very lean air/fuel ratios. 

20 Generally, special techniques must be implemented to ensure reliable and complete 
ignition under lean conditions. While lean combustion is similar in many ways to that of 
an SI cycle, combustion is not necessarily initiated with a spark. Lean combustion can be 
initiated with conventional spark plugs, plugs that are specifically designed for lean burn, 
corona injection, a pilot charge, and many other means, most of which are described in 

25 prior art relevant to the field. 

At times when phasing of combustion becomes difficult or impossible to control 
with other means, or at times when a reasonable compromise between preignition and 
unreliable incomplete combustion cannot be reached, rapid compression may be used. In 
the case of a variable compression ratio engine, the compression ratio can be lowered to 
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reduce or eliminate preignition and detonation. At this point, the compression ratio most 
likely will not be high enough to ensure reliable autoignition. In order to autoignite the 
mixture, a small lean combustion flame kernel can be created, such as by a spark plug. 
The flame kernel will cause rapid heating of the local area which will cause it to expand 
5 and rapidly compress the remaining unburnt charge. This additional compression, 
although it may not be significant, can be sufficient to facilitate reliable autoignition. The 
timing of the spark is adjusted to where the flame kernel will be large enough to 
autoignite the mixture at the desired time. Creating a flame kernel at top dead center will 
ensure that preignition will never occur, however, it may be desirable to advance or delay 

10 this ignition point under different conditions. When using a lean flame kernel to extend 
the range of HCCI, if the range can be extended far enough, this kernel may no longer be 
considered lean, and may in fact be stoichiometric. 

Another rapid compression technique is to create an in-cylinder environment not 
conducive to lean combustion and use a lean combustion ignition device to create a flame 

15 kernel that is not capable of propagating past the direct vicinity of its ignition device. 
Such a technique may include a high power spark ignition device capable of spreading a 
spark over a wide area. When the spark from this device passes through the mixture, 
only the mixture directly in the path of or very near the spark will be ignited and will not 
be able to propagate through the remaining mixture. The rapid heating in this area, 

20 however, may still be sufficient to initiate autoignition. It may also be possible to use 
swirl chamber spark plugs, plasma injectors, some of the devices proposed earlier in this 
application without their flame arresters, a pilot charge, and other means to achieve a 
similar effect. Yet another approach to initiating autoignition, which may be used in the 
present invention, is to use a plasma injector. 

25 For reasons expressed in the previous sections describing hot gas injection and 

spark ignited rapid compression devices, this application also proposes the use of 
carefully orchestrated in cylinder fluid mechanics or novel injection strategies, for fuel 
and/or air and/or EGR (recirculated exhaust) in order to provide sufficient stratification to 
extinguish a flame kernel before it can propagate throughout the entirety of the chamber 
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as an additional rapid compression technique. With carefully orchestrated stratification 
techniques, it would be possible to create a flame kernel in a portion of the engine's 
combustion chamber, through conventional or unconventional ignition means, sufficient 
to commence autoignition of the remaining mixture without allowing a flame to 
5 propagate through the entire chamber. This can be achieved by promoting good 
conditions for ignition in the area surrounding the spark plug, pilot charge or other 
igniting device, and good conditions for autoignition in the remaining mixture. Between 
these two prepared areas, would be a barrier of inert or lean gasses. This barrier may 
consist of EGR, air or other gasses and will be too lean for a flame to propagate through. 
10 The barrier will, however, still allow the prepared mixture that lies beyond it to be auto 
ignited by compression from the flame kernel. 

Dual Mode Engines 

For some applications, it may be desirable to provide an engine that operates in an 
HCCI mode at some times and as a spark ignited or Diesel engine at other times. 
15 Variable compression ratio devices are particularly useful for this application. It may be 
advantageous to employ partial or full time lean combustion as an intermediate mode that 
will aid in the crossover between HCCI and spark ignition or diesel modes in dual-mode 
engines. 

As was discussed earlier in this application, HCCI engines may have power 
20 outputs that are 50-75% of that of a similar Diesel or SI engine. As a remedy to this 
problem, it is possible to employ a dual mode strategy in which the engine operates in 
HCCI mode for up to 75% load and then reverts to a SI or Diesel mode when higher 
power is required. 

Dual mode designs may also be used to ease starting of HCCI engines. As 
25 discussed previously, the compression ratio of a variable compression ratio HCCI engine 
needs to be adjusted to establish a starting condition. This can lead to excess emissions at 
startup. Alternatively, the engine could be started as a spark ignited engine and then 
switched into HCCI once it is running. This will allow for faster catalyst warm-up and 
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will allow the engine to reach a stable operating temperature before reverting to HCCI 
mode. 

One approach to switching modes is to gradually allow the lean combustion flame 
kernel to propagate further into the combustion chamber before autoigniting the 
5 remaining charge. Eventually, the flame will be allowed to propagate through the 
entirety of the charge and the engine will be running in lean combustion mode. As an 
example, the engine's compression ratio will be lowered slowly and/or its ignition timing 
will be adjusted. As the compression ratio is being lowered, the flame kernel will be 
allowed to (and will have to before autoignition will occur) propagate further and further 

10 into the combustion chamber before autoigniting the remaining charge. Eventually, the 
flame will be allowed to propagate through the entirety of the charge and the engine will 
be running in lean combustion mode. As load is increased, the air-fuel ratio will become 
richer and the engine will be in conventional stoichiometric spark ignition mode. While 
this may transpire in a fraction of a second, depending on the operating conditions, such a 

15 gradual crossover will not require any abrupt changes in the compression ratio or throttle 
position of the engine as would be if the engine were to change directly from HCCI to 
spark ignition mode. 

Anther approach is to switch directly from HCCI mode to an intermediate lean 
burn mode. This may be used whether or not a lean burn kernel is used to extend the 

20 range of HCCI mode. As an example, the engine will rapidly lower its compression ratio 
to that which is acceptable for reliable lean combustion. Simultaneously, or immediately 
thereafter, the engine will be operating in lean combustion mode. Since the air fuel ratio 
for the high end of the HCCI mode and the low end of the lean combustion mode will not 
differ by any significance, the engine will likely still run with the throttle wide open. 

25 More than likely, power output during lean mode will be controlled through regulating 
the richness of the mixture, as in HCCI mode. As load is increased, the mixture will 
become richer. 

For both of the above approaches, depending on the air/fuel ratios required, NOx 
emissions during lean combustion mode may be unacceptable if the engine is to remain in 
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this mode for any length of time. If this is the case, the lean combustion mode will only 
be used to smooth over the conversion process and the control unit will be programmed 
to minimize the time that the engine operates in this mode ether by slightly extending the 
range of the HCCI mode or lowering the load range of the spark ignition mode at times 
5 when the engine is operating near or at the conversion threshold for an extended period of 
time. 

Water Injection 

Another method for controlling combustion phasing in an HCCI engine is through 
the use of water injection. A schematic representation of a combustion chamber and a 

10 water injection system is shown in Figure 29. The combustion chamber 350 is defined 
between a piston 352 and the closed upper end of the cylinder 354. A water injection 
nozzle 356 is shown in communication with the combustion chamber 350 such that a 
spray of water may be provided to the combustion chamber 350. A second water injector 
is shown in communication with the intake runner 360. Water injection may be provided 

15 at either or both points so as to introduce water or water vapor into the combustible 
mixture that is going to be compressed in the combustion chamber 350. Introduction of 
water vapor tends to delay combustion due to autoignition. Therefore, by controlling the 
amount of water that is introduced to the combustible mixture, combustion phasing can 
be somewhat controlled. Though the system is illustrated having a water injector in both 

20 the cylinder and the intake runner, only a single injector may be required. The system is 
further shown to include a control 362 and a water source 363. 

An additional method of reducing quenching, or cooling of the mixture to the 
point that it does not completely burn in some areas, would be to impinge water against 
or wet the most vulnerable inner surfaces or the crevice areas of the combustion chamber. 

25 When the water hits or wets the surface, it would turn into steam and lift the air-fuel 
mixture out of crevice volumes or quenching areas and into areas of the cylinder where it 
will burn more completely. For this purpose, a water injector may be provided that 
directs a spray at the crevice areas. The water vapor near the quenching surfaces may 
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also provide a type of insulation. If water injection is used for reasons of evening out the 
cylinders or as a supplement or replacement for the CVCR device, it would be 
advantageous to direct the spray into areas vulnerable to quenching so that its purpose 
would be two fold. However, the use of water to prevent quenching in no way requires 
5 that water also be used to control mixture reactivity. As a further alternative, water or 
other substances may be mixed with the fuel so as to indirectly introduce these substances 
into the combustible mixture. The water injection system may also inject substances 
other than water so as to affect combustion phasing or crevice volume. 

According to the present invention, water injection may be used with an HCCI 
10 barrel engine, either by itself or with other combustion phasing control approaches, such 
as variable compression ratio devices and/or corona discharge devices and/or rapid 
compression devices. 

HCCI Barrel Engine with Non-Sinusoidal Track 

As discussed previously, a barrel engine typically replicates the generally 
15 sinusoidal piston motion of a crank driven engine by having a track that is generally 
sinusoidal shaped. In tradition crank-driven engines, the piston motion is necessarily 
sinusoidal, as alterations from a sinusoidal shape are not possible due to the crank 
configuration. However, a barrel engine allows a designer to choose shapes other than a 
sinusoid. According to the present invention, it has been discovered that certain non- 
20 sinusoidal piston motion profiles provide advantages over a traditional sinusoidal piston 
motion profile. Figure 30 illustrates a piston motion profile 364 that is non-sinusoidal. 
The profile includes a downward intake slope 365, corresponding to piston travel away 
from the closed end of the combustion cylinder and expansion of the combustion 
chamber. The intake slope ends with a transition through "intake bottom-dead center" 
25 366. This is followed by an upward compression slope 367, which ends with a transition 
through "compression top-dead center" 368. The under proper conditions, combustion 
occurs at or near compression top-dead center 368, and the piston travels downward, as 
shown by combustion or expansion slope 369. The piston then transitions through 
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"expansion bottom-dead center" 370 and begins upward movement, as indicated by the 
exhaust slope 371. The exhaust stroke terminates with a transition through "exhaust top- 
dead-center" 372, and the intake stroke 365 is repeated. 

The power output of HCCI engines and combustion stability may be increased by 
5 countering the rate of pressure rise through faster piston speeds near top-dead center. 
Compression top-dead center 368 is illustrated as a more rapid transition than would 
occur with a sinusoidal profile. HCCI combustion strategies result in very high rates of 
pressure rise. Due to the contoured nature of the barrel engine track, piston speeds near 
top-dead center may be made considerably faster than in conventional crank driven 

10 engines. An increased rate of decent decompresses the mixture at a faster rate. This is 
illustrated in the steep slope of the combustion stroke 369. If combustion is timed so that 
it occurs at or just after TDC, the increased rate of decompression will counter the rate at 
which the pressure can rise. By lowering the rate at which the combustion pressure can 
rise, the mechanical stresses placed on the engine are reduced, allowing richer fuel-air 

15 mixtures to be used and therefore increasing the power output of the engine. The faster 
piston motion near top-dead center on the compression side allows the engine to pass 
through the autoignition threshold at a faster rate, making preignition and detonation less 
likely to occur. This increased combustion stability, as a result of non-sinusoidal motion, 
is another reason why barrel engines are better suited for HCCI than conventional 

20 engines. 

In crank driven engines there is a dwell period in the areas near top-dead center 
during which the speed of the piston is considerably slow compared to other times during 
the cycle. This slow rate of descent occurs at a time when the ignited mixture is hottest 
and densest. The slow decompression at this time maximizes the heat exchange that can 
25 occur between the hot gasses and the coolant of the engine, resulting in significant losses 
in thermal efficiency. In a barrel engine using a non-sinusoidal piston motion profile, the 
rate of descent near top-dead center can be rapid in comparison, allowing the heat energy 
of the gases to be rapidly converted to mechanical energy and therefore minimizing the 
time that the gases remain at high temperature and density. By minimizing the time that 

52 



TPL-10202/03 
12610sh 



the gases remain at high temperature and density, the thermal efficiency of the engine is 
significantly increased. 

The profile 364 also illustrates a slower transition between intake 365 and 
compression 367. This may be provided to maximize the intake charge and to increase 
5 the effective valve closing speed. It also reduces the inertial forces on the piston and 
rollers. The compression stroke 367 is illustrated as occurring over a longer period than 
the combustion stroke 369. 

In the profile 364, the combustion stroke 369 is shown as having more 
displacement than the compression stroke 367. This is another advantage to the barrel 
10 engine. A longer expansion stroke may be provided to allow more of the combustion 
energy to be captured and to allow a longer transition to exhaust, as shown. In a crank 
driven engine, the various strokes are necessarily identical in displacement, thereby 
limiting efficiency. 

Variable Valve Timing 

15 Another method for controlling combustion phasing in an HCCI engine is through 

the use of variable valve timing. Variable valve timing may include changing the valve 
phasing, valve lift, and/or total valve opening time. In typical internal combustion 
engines, the opening of intake and exhaust valves is controlled by cams with lobes that 
mechanically actuate the valves. A cam is in mechanical communication with the 

20 crankshaft or drive components in the engine such that the relationship between the cam 
and the other components of the engine remain set. More recently, significant work has 
been done on variable valve timing. In the simplest version of variable valve timing, the 
intake and/or exhaust cams have an adjustable relationship with respect to the crankshaft 
or other main drive components of the engine. That is, the cams may be adjusted such 

25 that the valves are opened earlier or opened later. However, in the simplest approach to 
variable valve timing, the total valve lift and the amount of time that the valve is open 
remains the same despite the change in relative phasing. More advanced versions of 
variable valve timing allow for variable valve lift as well as variations in the total time 
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that the valve is open. In the most advanced versions, an electromechanical actuator 
directly controls the opening and closing of individual valves, such that all aspects of 
valve timing and lift may be very precisely controlled. Such a system is disclosed in 
SAE Paper 2000-01-0251, incorporated herein by reference. 
5 Any of the known or yet to be developed approaches to variable valve timing may 

be used with an HCCI engine according to the present invention, either independently or 
in combination with any other aspect of the present invention. In one preferred 
embodiment, variable valve timing is used in an HCCI barrel engine. The use of 
advanced valve timing, wherein the valve lift may be precisely controlled, can partially 
10 replace the use of a throttle for controlling the amount of air and fuel mixture drawn into 
a combustion chamber. That is, if valves are opened to a lesser amount, power will be 
somewhat restricted since the flow of intake into the combustion chamber will be 
reduced. 

Variable valve timing can be used to a certain extent to control combustion 
15 phasing in an HCCI engine according to the present invention. By delaying the opening 
of intake valves, or reducing the total lift or open time, the amount of combustible 
mixture of air and fuel introduced into the combustion chambers of the engine will be 
somewhat reduced. This has a similar affect to reducing the compression ratio of the 
engine. That is, reducing or delaying intake valve opening delays or prevents 
20 autoignition. Conversely, earlier valve opening (within certain limits) or higher lift or 
longer total opening time increases the amount of combustible mixture that may be drawn 
into the combustion chamber, and autoignition will occur earlier if certain conditions are 
met. 

Variable exhaust valve timing can also be used in certain ways to affect 
25 combustion phasing. For example, if an exhaust valve remains open past top-dead center, 
as the piston begins to travel back down, some exhaust components may be drawn back 
into the combustion chamber. This will have a similar affect to exhaust and gas 
recirculation (EGR), as described below. Alternatively, the exhaust valve may be closed 
early or less lift may be used to cause more exhaust gas to remain in the cylinder. 
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Fuel Blending 

Combustion phasing may also be controlled by changing the mixture of two fuels 
with different propensities to autoignite. For example, if a first fuel is provided that very 
easily self-ignites and a second fuel is chosen that resists autoignition, a mixture of these 
two fuels, along with air, will have different propensities to autoignite depending on the 
ratio of the two fuels. Fuel blending is illustrated schematically at Figure 31. A first fuel 
supply is shown at 374, a second fuel supply is shown at 375, and a mixing control is 
shown at 376. The mixing control varies the ratio of the first and second fuels provided 
to a fuel injector 377. Other approaches include individual fuel injectors for each fuel 
and/or completely separate fuel systems. Fuel blending may be used by itself as a control 
method for HCCI combustion phasing, or may be combined with any of the other aspects 
of the present invention. 

EGR Control 

Referring to Figure 32, the use of exhaust gas recirculation (EGR) is illustrated 
15 schematically. EGR recirculates exhaust gases from the exhaust runner 380 to the intake 
runner 382 so as to increase the amount of residual exhaust gas introduced into the 
combustion chamber 384. As known to those of skill in the art, some residual exhaust 
gas remains in the combustion chamber 384 after the exhaust stroke due to incomplete 
emptying of the combustion chamber 384. The amount of exhaust gas recirculated into 
20 the combustion chamber 384 may be increased using the EGR system, such as illustrated. 
In the illustrated embodiment, an EGR tube 386 extends between the exhaust runner and 
the intake runner. A control valve 388 controls the flow of exhaust gas into the intake 
runner 382. While this is illustrated for a single cylinder, EGR may be implemented such 
that exhaust from individual or collective exhaust passages is conducted to individual 
25 intake passages or to a general intake plenum. As discussed previously, a similar affect 
may be accomplished by controlling exhaust valve timing, lift, and opening interval so as 
to affect the amount of exhaust gas that remains in the combustion chamber or is drawn 
back into the combustion chamber. Within certain limits, increasing the amount of 
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exhaust gas recirculation advances the combustion phasing, and reducing the amount of 
EGR delays combustion phasing in an HCCI engine. EGR-based control of HCCI 
combustion phasing may be used alone or in combination with any other aspects of the 
present invention. EGR also has applicability to combustion cycles other than HCCI. 

Intake Air Temperature 

HCCI combustion phasing may be somewhat controlled through varying the 
temperature of the intake air, air/fuel mixture or fuel. Figures 33 and 34 illustrate 
systems for adjusting the temperature of intake air provided to the combustion chamber. 
In Figure 33, a hot air source 390 and a cold air source 392 are mixed using a mixing 
control 394 providing air to the intake 396 for the engine. In Figure 34, a temperature 
control is provided in the air inlet 399 for altering the temperature of the air provided to 
the intake 396. The temperature control 398 may be a heating device or a cooling device, 
or both. Generally, increasing the intake air temperature advances combustion phasing, 
and decreasing the temperature delays combustion phasing. Air temperature control may 
be accomplished in a variety of ways, including using the exhaust flow or exhaust 
manifolds to mix with or increase the temperature of the intake air. Cooling devices such 
as intercoolers or compressor-based cooling systems may be used for cooling the intake 
air. Similar approaches may be used to adjust the temperature of the combustible 
mixture, as well as the temperature of the fuel. Air temperature based control of HCCI 
combustion phasing may be used alone or in combination with any other aspect of the 
present invention. Also, air temperature control may have some applicability in engines 
using other combustion strategies. 

Supercharging 

Figure 35 schematically illustrates the use of supercharging, another approach to 
25 controlling combustion phasing in an HCCI engine. A supercharger 400 creates 
pressurized intake air or a mixture of fuel and air, which is provided to the combustion 
chamber 404. Preferably, a boost controller 402 controls the level of pressure delivered 
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to the intake. By increasing the pressure of air provided to the intake, combustion 
phasing can be advanced. Decreasing the pressure delays combustion. Various designs 
may be used for controlling boost levels, including upstream or downstream controls and 
wastegates. Various alternatives include the substitution of a turbocharger for a 
5 supercharger, as well as other methods of pressurizing the intake. The supercharger or 
turbocharger may be of any design, including an integrated supercharger as discussed in 
applicant's PCT priority document, incorporated herein by reference. A barrel engine 
may be constructed with a double-ended configuration. In a double-ended configuration, 
the track in the barrel engine communicates with pistons on opposite ends of the engine. 

10 For example, a single piston assembly may have a piston on one end of the engine, a 
portion that communicates with the track in the middle, and another piston at the other 
end. Cylinder bores at opposite ends of the engine receive the two ends of the piston 
assembly. An integrated supercharger may be provided by using the pistons and 
cylinders at one end of the engine to compress air to be provided to combustion chambers 

15 at the other end of the engine. Alternatively, combustion chambers and compression 
chambers may be mixed on each end of the engine. 

Supercharging may be used by itself or in combination of any other aspect of the 
present invention for HCCI as well as other designs of engines. Supercharging has 
particular applicability to an engine that operates in an HCCI mode at some times and in 

20 a spark-ignited or diesel mode at other times. This is especially beneficial in combination 
with variable compression ratio. This allows great flexibility in combustion strategies, 
fuel usage, and other variables. 

Cylinder Timing Equalization 
Background 

25 In multi-cylinder engines, there are typically minor cylinder-to-cylinder variations 

in such factors as combustion ratio, combustion chamber shape, intake and exhaust 
efficiency, temperature and other factors. These variations lead to slight variations in 
combustion characteristics. While this is true of all types of internal combustion engines, 
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cylinder-to-cylinder variations are particularly of concern in an HCCI engine. Unlike in 
spark ignited or diesel engines, wherein the combustion event can be triggered by a spark 
plug or fuel injector, HCCI engines rely on autoignition of a compressed mixture of fuel 
and air. Therefore, slight cylinder-to-cylinder variations lead to variations in combustion 
5 phasing. This is particularly true as engines age and combustion residue builds up in 
individual cylinders. In the previously discussed methods of controlling HCCI 
combustion phasing, the combustion phasing of the entire engine was considered. That 
is, a control method of some type is used to advance or retard the overall combustion 
phasing of the engine. If some cylinders fire slightly earlier or later than others, the 

10 engine controller is forced to choose a combustion phasing best suited to the "weakest 
link." In other words, if one cylinder fires earlier than the others with respect to each 
cylinder's respective top-dead center, the engine controller is generally forced to adjust 
combustion phasing for all cylinders such that the early firing cylinder does not fire 
prematurely, and lead to engine damage. Alternatively, the engine controller can "split 

15 the difference" between early firing and late firing cylinders. Either approach is non- 
optimal. According to the present invention, several methods are provided for evening 
out cylinder-to-cylinder variations in combustion phasing. While not required for an 
HCCI engine according to the present invention, it is preferred that one or more of these 
approaches be used, as necessary, to optimize overall engine efficiency and performance. 

20 While especially beneficial to HCCI, some or all of the following control methods may 
also have applicability to other engine configurations and combustion strategies. 

Corona Discharge Device 

Figure 36 schematically represents a multi -cylinder engine with combustion 
chambers 420 and 422 defined between respective pistons and closed upper ends of 
25 combustion cylinders. While illustrated as a reciprocating piston design, it should be 
appreciated that many aspects of the present invention can be used with other internal 
combustion engine configurations, such as rotary and other configurations that do not 
have a reciprocating piston within a cylinder. A pair of intake runners 424 and 426 are 
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shown feeding the respective combustion cylinders 420 and 422. Corona discharge 
devices 428 and 430 are provided in the intake runners 424 and 426, respectively. As 
discussed previously, corona discharge devices may be used to adjust combustion 
phasing in an HCCI engine. By providing individual corona discharge devices for each 
5 cylinder in a multi-cylinder engine, the combustion phasing in the individual cylinders 
may be controlled. Preferably, the corona discharge devices 428 and 430 are in 
communication with and under the control of an engine controller 432. Corona discharge 
devices may alternatively or additionally be provided in the combustion chambers 420 
and 422, as shown at 434 and 436, respectively. Either or both of the corona discharge 

10 devices for each cylinder may be provided, with each provided device preferably being in 
communication with engine controller 432. In cylinders in which the peak of combustion 
needs to be advanced, the voltage, duty cycle or number of elements of the corona 
discharge device would be increased, while in cylinders in which the peak of combustion 
needs to be retarded in relation to the shaft angle the voltage or number of elements will 

15 be decreased or shut off completely. The opposite may also be true under certain 
circumstances. 

The corona discharge devices may be used by themselves in the engine, or in 
combination with any other aspect of the present invention. As one alternative, a main 
corona discharge device may be provided to add radicals to the intake air for all 
20 cylinders, and additional corona discharge devices may be assigned to individual 
cylinders. Also, corona discharge devices may have applicability to other types of 
engines. 

Water Injection 

Referring now to Figure 37, a multi cylinder engine is again illustrated 
25 schematically. Water injectors 440 are illustrated for introducing water into the intake 
tract or directly into the cylinders on a cylinder-by-cylinder basis. As discussed 
previously, water injection may be used to adjust combustion phasing. By coordinating 

59 



TPL-10202/03 
12610sh 



water injectors for individual cylinders through the use of an engine controller 442, 
combustion phasing can be adjusted so as to optimize engine performance. 

Cylinder Temperature Control 

Referring now to Figure 38, an alternative approach to adjusting combustion 
5 phasing on a cylinder-by-cylinder basis will be described. Two combustion chambers 
450 and 452 are schematically illustrated for a multi-cylinder engine. Coolant jackets 
254 and 256 are shown for cooling the combustion chambers 250 and 252, respectively. 
As will be clear to those of skill in the art, numerous approaches may be used for cooling 
individual cylinders, including liquid cooling, oil cooling, air cooling, and other 

10 approaches. Also, in certain applications, auxiliary cooling may not be required. 
However, by adjusting cylinder temperature on a cylinder-by-cylinder basis, relative 
combustion phasing can be somewhat adjusted. Warmer cylinders will tend to combust 
somewhat earlier and cooler cylinders will tend to combust somewhat later. Typically, 
an engine cooling system provides coolant to all portions of the engine without 

15 individually controlling the temperature of certain parts of the engine. As illustrated in 
Figure 38, the cooling system is designed to provide cylinder temperature control on a 
cylinder-by-cylinder basis. A coolant source 258 provides coolant to the coolant jackets 
254 and 256. Individual outlet controls 260 and 262 control the flow of coolant past the 
individual cylinders, thereby control cylinder cooling. Temperature sensors 264 and 266 

20 may be provided for each cylinder for monitoring purposes. The outlet controls and the 
temperature sensors may all be in communication with and under the control of an engine 
controller 268. Individual cylinder cooling may be achieved through other approaches, 
such as controlling the inlet of coolant to each cylinder or by adjusting the temperature of 
the coolant provided to an individual cylinder. For example, the engine may have 

25 sources of hot coolant and colder coolant and mix the two coolants to provide 
temperature control. Also, individual temperature sensors may not be required under 
certain control approaches. Instead, the engine controller may monitor relative 
combustion phasing using various approaches and then adjust the cylinder-by-cylinder 

60 



TPL-10202/03 
12610sh 

temperature, or factors related to temperature such as coolant flow, so as to even out the 
cylinder combustion phasing. In one approach, a plurality of thermostats or coolant flow 
controllers is provided at a central point with each one providing coolant to an individual 
cylinder. This can act as a manifold for distribution of coolant. By centrally locating 
5 each of the flow controllers, servicing of the controllers may be simplified. 

Alternative approaches include the use of oil or air cooling, with provisions for 
individual control for each cylinder. 

Air-Fuel Ratio Variation 

Another method to even out the cylinders would be to vary each cylinder's 
individual air-fuel ratio. Richer air-fuel mixtures will generally autoignite at lower 
pressures and temperatures than leaner air-fuel mixtures. Therefore, varying the air-fuel 
ratio will provide a means of evening out the cylinders. In cylinders that are slightly 
hotter than others due to uneven cooling capacity and in cylinders that have slightly 
higher compression ratios than others due to carbon deposits or poor tolerances used 
during manufacturing, the air-fuel ratio would be kept leaner than those of the other 
cylinders in order to retard the start of combustion so that it occurs at the ideal shaft 
angle. In cylinders which are cooler than others and in cylinders which have lower 
pressures than others due to wear, air-fuel ratios would be richer than those of the other 
cylinders to advance the start of combustion so that it occurs at the ideal shaft angle. As 
another alternative, air could be injected into each of the cylinders intakes or into the 
cylinders themselves in order to lean out the mixture. 

Air Temperature Adjustment 

Another method of evening out the cylinders would be to provide each cylinder 
with a mode of varying the temperature of its intake air. Varying the temperature of the 
25 intake air may be advantageous to air-fuel modulation for reasons of price, as it would 
only require that the engine have one or more injectors in the main intake. Although an 
option, it would not be necessary to provide a means of measuring the intake 
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temperatures of each cylinder. Instead, the intake temperatures would be modulated by 
feedback from the combustion sensors, which should provide all necessary information. 
As with the case of modulating air-fuel ratios, large differences in intake temperature will 
cause significant variations in the power output of different cylinders. 

5 EGR Control 

Another method of evening out the cylinders would be to use different amounts of 
exhaust gas recirculation (EGR) for each of the cylinders. This method can reduce 
mixture reactivity if the exhaust gasses are relatively cool, or can increase mixture 
reactivity by increasing the temperature. The drawbacks with EGR are that 
10 responsiveness to changes in running conditions is typically slow due to the inertia of the 
gasses, although this problem could be addressed. As with air-fuel and temperature 
modulation, large amounts of EGR can reduce power output. 

Control Strategies 

In order to properly control combustion phasing, either for an overall engine or on 
15 a cylinder-by-cylinder basis, each cylinder may have its own corona discharge device or 
other control mechanism. Additionally, the control unit will need some method of 
monitoring either the start or peak of combustion in each cylinder so it can signal the 
proper components to adjust combustion phasing. It may be possible to connect one 
central sound or pressure sensing device to the control unit and compare its signal against 
20 the mechanical position of the engine in order to monitor the status of combustion. 
However, each cylinder will most likely require its own sound, pressure, heat or light- 
sensing device, the signal of which will be sent to the engine's control unit and compared 
against the mechanical position of the engine so that the fuel injector or CDD may be 
adjusted accordingly. 

25 As stated earlier, all methods of evening out the cylinders may be used alone or in 

combination. It should also be noted that all of the methods of evening out the cylinders, 
alone or in combination, can be used to supplement or, in certain applications, possibly 
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replace the variable compression ratio device. 

As will be clear to those of skill in the art, the various aspects of the present 
invention may be altered or combined in various ways other than those illustrated or 
discussed, without departing from the scope or teachings of the present invention. It 
5 should be understood that the illustrated embodiments are provided for descriptive 
purposes, and many variations are possible. Terms used herein should be given their 
broadest interpretation. In some cases, Applicant has defined terms is particular ways for 
ease of description. Also, the headings used throughout the specification are not to be 
considered limiting in any way. 
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